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INTRODUCTION

The properties imparted to a body by its rapid rotatien (to which it has been
‘hustomary to apply the term gyroscopic properties since the time of Foucault, who
18
__konstructed an instrument that he called a gyroscope) are becoming ever more widely !

202

:~—used today in various fields of technology. In this btook, the properties of the
;kjgyroscope will be explained in a manner within the reach of all, and on the basis of |
) ﬁ—-‘thzs explanation a brief elementary theory of a few of the most important applica- |
”‘——:tions of the gyroscope will be presented.
- A l‘\mda.ment,al study of gyroscope theory requires an acquaintance with higher
,_Vj'mathematics and with theoretical mechanics (although only to the extent included in

. t'-i,the programs of the higher technical schoo;l.s). Our scientific textbook literature

——ﬁ.ncludes excellent manuals, some of them giving a detailed exposition of gyro theory

36

.. (I might mention the excellent book by the late Academician A.N.Krylov "Obshchaya

do_fteoriya giroskopov i nekotrykh tekhn, ikh primeneniy® (General Theory of the Gyro-

A_;—chope and Some of Its Technical Applications) 2nd edition, 1936). In compiling the

—present booklet, however, the author set himself a different task: to provide brief ;

__in.formtion on the properties of the gyroscope for resders unacquainted with either ;
higher mathematics or theoretical mechanics, but with a certain amount of expcrience
__m production, desiring to understand the mechanism of action of what are known as g
T Eyroscopic instruments, in which the pt'opu'h.es of a rapidly rotating gyro find ap- ‘

ication.

The reading of the main text of this book (in large print) will occasionno |

oved for Release 2010/07/1 043R00050018001



2

,_;k:bnics as taught in the middle schools frbm which they graduated, while the suppla=

4
4

[

Z entary material (in small print) may be ugeful reading for students with more ex-
_teraive preparation (being famillar with tpigonometry).

!
|
|
i
|
|

The author hopes that this book will be useful in the hands of mechanics work=
ing in gyroscopic instrument building, and also of a wide group of readers interest-

—.d in mechanical problems. Those wishing to go more deeply into the study of gyro-

"scope theory will find more extensive material in the above-mentioned book by Krylov.g
Section 20 of this book, "Stability of a Rotating Projesctile" was gone over in !
} manuscript by Prof. L.G.Loytsinskiy, to whom I ex ress deep gratitude for his valu-

Able suggestions, I am likewise deeply grateful to V.K.Gol'tsman, who carefully read

through the entire manuscript and made a number of valuable suggestions.

Ye.Nikolai

4A b
<
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CHAPTER I

PROPERTIES IMPARTED TO A RODY BY RAPID ROTATION

Section 1. The Rapidly Spinning Top and its Utilization in Technology

Who has not played with a top as a child? So long as its young owner has not
placed it in rapid rotation, the top lies lifeless and motionless. But no sooner is'
it placed in rapid rotation than ‘
it comes to life and acquires re-
markable properties. Who has not
felt satisfaction in watching a
rapidly spinning top maintain its

equilibrium, balancing at the tip

of its spindle, and watching how
it quietly continues to spin, pre-
Fig.l cisely supported by some invisible
force (Mig.x)?
The surprising stability imparted to « top by rapid rotation has long attracted

"<-the astention of inguiring minds. About 200 yeurs ago an attempt was made in the

'3 British Havy to utilize this property of a rapidly spinning top to provide a stable |

f‘artificial horizon" on shipboard, capable of replacing, in fog, the visible horizon

i

:rerp,!ired by the mariner for his astronomical observations., The shipwreck of the tri'f-
Y .
- ~gtv-"VictoTy"; on whith this instrument was being tested (the inventor sf the "ai-tT-‘i




‘ficial horizon", Serson, wes lost in this disaster) put an end to this attempt.

During the next century no new attempts at a practical utilization of the epin- ..

\
l
4

A‘Ining top were made.  new impetus in this direction was given by the famous experi-
‘ments of Foucault, reported to the Paris Academy of Sciences in 1852. Among other
.;;experiment;s, Foucault demonstrated the instrument constructed by him, called a "gyro-
V"‘Scopﬁ", whose primary component, consisted of a rapidly rotating rotor (top) and which

for the first time, provided a direct laboratory demonstration of the diurnal rota-

l

tion of the earth. 'The term “gyroscope" (in llteral translation, "instrument exhib—§
iting rotation") has been maintained in the scientific world. Todz;y this term is
used, in the broadest sense, to denote any instrument in which the psculiar proper-
_.‘ties of a body in rapid rotation are utilized; these properties are commonly called :
‘ gyroscopic properties.
‘ In the same famous report of 1852, Foucault showed that it was possible (at least
7 theoretically) to construct a gyroscopic instrument to determine the position of the
meridian (North-South direction) at a given place. Thus was expressed, for the first
time, the idea of a mechanical (nonmagnetic) compass, constructec on the principle of
the gyroscope, and capable of complctely replacing the magnetic compass. The orob-
lem of replacing the magnetic compass by a mecnanical one had become particularly ur-
gent with the appearance of large masses of iron on board warships, and in connection
--with the increasing complexity of the electric equipmeni of these ships, which inter-
- fered with operation of the magnetic compass cn them. However, the_re were immense
: ldifficulties in the way of any realization of Foucault's idea; these were surmounted

bnly fifty years later, at the threshold of the present Century. The exceptional

o ‘progress in technology made it possible for highly develoned zyro ctmpsisses to ap-

!
g')_:pear at the beginning of the Twentieth Century, to attain general recognition, and

.. widespread use in the navies of the whole world.

s4_| _ Today gyroscopic instruments are gaining ever increasing importance in various

5o _Fields of technology. Hilitary and naval technclogy is equ

58

60 _|
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; _{of instruments based on the gyroscope pridciple. The gyroscope has found particulaz«}
’ :,t‘ly widespread use in aviation. Confident blind flying in the absence of visible i

" llandmarks, and prolonged distance flights for many hours, without landing, have be- |

- ;‘céme possible, owing to the large number of gyroscopic aviation instruments with

|
i
i
|

.which modern aircraft is equipped.
1 i
Who has not mused, in childhood years and perhaps even at a more mature age, on |

T the question of the cause of the surprising behavior of a rapidly spinning top?

‘What is the explanation of the remarkable phenomena observed during the rapid rota-
tion of bodies, phenomena to which we give the collective term of gyroscopic phenome-
na? In this book we will try to answer these cuestions. We will also show how gyro-

B scopic phenomena have been utilized for various purposes in modern gyroscopic instru-

ments and installations.

Section 2. The Gyrosc.ope in Cardanic Suspension. Stability of the

Axis of a Balanced Gyro Imparted to it by Rapid fotation

Before beginning our explanation, let us sej’ & few words on the simplest gyro-
scopic instrument, the gyroscope in a Cardanic suspension, which is the most impor-
tant component of most of the existing gyroscopic devices.

The rotor or top P is suspended in two rings 4 and B, constituting the Cardanic

ey

- suspension (Fig. 2). The outer ring of the suspension A rotates freely about its
vertical diameter ab, which is held in a fixed positian. The inner ring B rotates
-about the horizontal diameter cd of the outer ring A, This inner ring bears the axis
6f rotation of the rotor P, which axis is perpendicular to the axis of rotation cd

)‘6! the inner ring B. Thus, this device comprises three axes of rotation which inter-
T

—$ect each other at one point O: 1) the axis of rotation ab of the outer ring of the

N"#uspension; 2) the axis of rotation cd of the inner ring; 3) the axis of rotation !

i
pe rotor. The rotation of the rotor gyroscope P about the axis ef

043R00050018001
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. .’V.{‘iysx' customarily termed the proper rotation iof the gyroscope (in distinction to‘th—éﬂ }

) jirotations of the outer and inner rings of ﬁsuspension). In accordance with this, let
4] !
_ius tern the axis sf "the axis of proper rotation" or simply the "gyro axis". The

;.,‘jaxebs/ab and cd are termed the Cardanic axe:s.

Fig.2

Various organizations in the USSR munufacture small school models of the gyro-

scope in Cardanic suspension for school physical laboratories; their price is modest.

12 HEveryone interested in gyroscopic phenomena who wishes to familiarize himself more

;:closaly with them is advised to acquire a small mocdel of the gyroscope in Cardanic
)

"‘"‘juspension. Such a model will enable the thoughtful observer to make many interest-

4

48_ling experiments in which the essential nature and significance of these interesting :
50—phenomena will be disclosed. :

52— We assume that we have at our disposal a model gyroscope in an Cardanic suspen- :
54 ]

56

sionr-and-start—an-wxperiment—to interpret-the phenomenon of stability dmparted to—

58

4]
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" .. the axis of the balanced® or free gyrosco%pe by the rapid rotation of its rotor.

)

... First of all let us explain what we m"ean by the term "balunced" or free.gyro-..
4.1 |

2 scope. We shall term a gyroscope in a Ca_%rdnnic suspension a free gyroscope if the

B

S

i

i

NN SO NS O

L Fig.3

. common center of jgravity of the moving parts of the instrument, the rotor und the

two rings, coincides with the noint of intersection O of the three axes of rotation’

of the instrument; the axis of proper rotation ef and the two Cardanic axes ab and ‘
cd (Fig.2)**. Such a gyroscope maintains its equilibrium at any position of its ro;
btor, and it is for this reason that it is termed free or, sometimes, astatic. This

- readily indicates that the equilibrium of the gyro in any of its positions must be

- considered neutral:®st, und a light tap on one of the gimbal rings is sufficient to

- bring the instrument out of its assigned position, to which it will not return, but,:

#* Translator's note: In U,S, terminology, this wnuld be & "free" gyro.
33 Commercial models of gyroscopes in Cardanic suspension satisfy this condition

withsufficient accuracy.

— %% Stable,nstable and neatrsl qxﬂibxiamqistinguished. A ball on a concave spher- ?
- ical surface (Fig.3a) is in stable équilibrium. Conversely, its equilibrium

i |

on a convex spherical surface (Fig.BS) is unstable. A sphere on a horizontal

<1 plane (Fig.3c) 1s in neutral equilibrium.
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.- executing & more or less marked deviation, will remain in some new ecuilibrium posi~

o

tion¥, The gyroscope has no stability at% all while its rotor is not in repid rota=.
"“1tion.
Tne situation changes completely if w:é first impart a rapid natural rotation .f.;

T_ the rotor of the gyroscope (by means of 4’ thread or string wound around its axis),

“lde now give the gyroscope any arbitrary position and then tap one of the gimbal
“|rings. It can be felt immediately that, under the influence of the rapid rotation

_of the rotor, the gyroscope has acquired the peculiar property of energetically re-

'z sisting the uction of forces tending to change the direction of its axis. Under the
| }

-
S action of the applied shock, the axis of the gyroscope {we mean the axis of the ro-

! tor) does not markedly change its directi;m, and close observation will show only
slight and very rapid vibrations of the a;cis (which are termed nutational oscilla-
tions), This gives the impression that the rapid rotation of the rotor has impart-:
‘ed to the whole instrument some rigidity, a certain resistance to the action of the
—applied tap. We conclude that the rapid rotation of the rotor imparts a peculiar

‘ stability to the axis of a balanced gyroscope.

To make this experimental result convincing, the rotor of the gyro must be given

as rzpid a rotation as possibles®,

% The instrument, set in motion by a push, finally stops under the action of the
forces of friction that are unavoidable in any instrument, If there yzre o

friction in the instrument (and likewise no air resistance) then, if

once set in
motion by an impulse applied to one of the gimbel rings, the instrument would
continue its motion for an indefinitely long period.

## For this purpose, a strong thread or string is wound around the axis of the

rotor, pulling it first by its end, at a relatively slow speed and not very

rapidly but incressing this speed gradually until the maximum speed of which

the hand is capable is reached.
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“"The faster this rotatien, the more dibtinctly will the stability acquired by the

__',gyrg_ axls be manifested.

N It must be borne in mind that there J.S one position of the gyro in which it
’ %iooééé its property of stability on rapid rotation. This is the position when the
! the a;tis of rotation ab of the outer gimbal ring
5f gyro instruments take measures to mske it im-|
; possible for the axis of the rotor to coincide with the axis of rotation of the out-

er ring of the Cardanic suspension.

. Section 3. Stability of Rapid Rectilinear Motion. Jets Issuiny Under High “ressure

The Law of Inertia. Newton's! Second Law of Hotion.

_ wWhat is the cause of this stacility, of this seeming rigidity which is acouired :

. by a gyroscope on rapid rotation of its rotor? In order to analyze this question,

-let us begin with the simplest cases of all.

From everyday experience, we know that the softest and most 'yielding bodies ac- !

quire an apparent rigidity on rapid motion. 4 jet of water forced from a fare-hose |

nozzle under nigh pressure is a very rigid body, which differs little in rigidity

from a metal bar. Such a jet can eusily knock a2 man off his feet. The higner the

-velocity of the individual articles of water forming the jet, the greiter the re-

—sistance of the jet to all forces tending to chunge its directisn, and the higher
—-the nregenre everted hr it an any ohet:sle encountered In its path.

- A skater gliding rapidly over the ice is well aware that,the faster his motion,:

-{the more difficult will it be for him to suddenly change the direction of that mo-

i
-lgtion. In the same way, the driver of a rapidly moving automobile lmows that the ;
N

faster he is driving, the more difficult will it be to avoid aryobstacle suddenly !

48

G

appearing in his way, sich asthe formof an absent-minded pedestrian carelessly g

in the middle of the road.

In all these cases we have to do with manifestations of the law of inertia,

Sanitized Copy Approved for Release 2010/07/12 : CIA-RDP81-O143R000500180017-5



. .,,v’lhis law, first discovered by Galileo, states that a moving body tends to maiatain
jbhe dirsction of its motion and the magnitude of its velocity.
: The inertia of 2 moving body is the cause of the above-mentioned phenomena, in
._ ;whicl: the stability of the rectilinear mation of a body at high speed is expre'ss'sea:m
. To elucidate the influence of the rate of motion still more clearly in these rhenam-

ena, let us perform a brief calculation.

Fig.h
Let the sphere I be rolling with a velocity v along the horizontal plane of a
ltable in the direction AB (Fig.4)*. Let us strike the sphere in a direction coincid;
qing with the horizontal ;lane of the table and perpendicular to AB. The action of
the shock will be expressed in the action of the force F on the sphere M during the '

- nezligibly short time interval t in the direction of the shock, which is perpendic—‘

-ular to AB, What will Le the effect of the action of this force?

{ wvery force applied to & moving vody causes a change in its velocity. This
‘v:change in velocity is defined by Newton's Second Law of Motion which reads: A changé
:«in velocity u, caused by the force F acting during the neriod of a negligibly smal |
A5 .

48_—I:ime interval ¢ , has the direction of the force F, and its mzgnitude is proportional
So:bo the force F and to the time of its action < , and 1s inversely proporticnal to
S;bhe mass of the body m. This law is expressed by the formula

] u= _F_ o (1)

54 S vt

__’“'_Ihs_ulocm_!_in.ggm_bx,tha. arrow. _pointing in the direction of the metion. |

1043R00050018001
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On having acquired the velocity u in the direction of F under the action of the i

. -iforce F (i.e., perpendicular to AB), our sphere will then continue to move with the

i
|
|
|

jvelocity V, which we obtain by combining the velocities v and u. This combining of
N I P - —_—

‘ ./velocities must be performed by the parallelogram rule (in the same way as the com= |

‘position of forces). Construct a parallelogram cn the segments v and u {in this case

'
i

,v:tit will be & rectangle) and draw its diagonal V (Fig.4). This velocity V is the
" motion with which the sphere will continud. Obviously, as & result of the applied
shock, the sphere will change the direction of its motion; it will now move in the
direction MC, deviating from its original direction !B by the angle RMC.
Let us now ussume that the original velocity of our sphere was not v, but twice
) as large; let us denote it by v) =2 v (Fig.4). On repeating the same construction
hwe find that now, under the action of the same shock of the impact force, the sphere,
assuming the same additional velocity u, will deviate from its original direction by
the smaller angle BMD (Fig.4); in general, the higher the velocity possessed by the
sphere before the impact, the smaller will be the angle, other conditions being equal,
by which it will deviate from its original direction after the impact. It is this
that we have in mind when we say that the rectilinear motion of a body is more
"stable"; the higher its velocity#.

The manifestations of stability of rapid rectilinear motion comprise all the

facts described at the beginning of this Section.

* The term "stability of motion¥ has various meanings in science. In using this
term, it is necessary to indicate precisely the sense in which it is to be appli-
ed. e empiiasize once again that here, in speaking of the stability of a rapid
rectilinear motion, we mean that the higher the velocity of the body, the small-
er will be the angle by which the body will deviate from its orginal direction
under the act%an o{ a lat.e;al impact of given intensity, and the less will ths_ __;

tody obey, in this sense, the action of a lateral impact.

9
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L The law of inertia and Newton's Second Law of Motion give a complete explanation of

“

- ; -
_! these phenomena. . :
1
]

' Section 4. Inadaquate Explanation of the Stability of a Rapidly Rotating Gyro.

Degrees of Freedom of a Gyro. loss of Stability by a Rapidly

; Rotating Gyro with Less Degrees of Freedom.

Let us now return to the question of the stability of a rapidly rotating gyro.
; We have seen that the stability of rapid rectilinear motion finds its explana- .
tion in the law of inertia. At first glance, it would seem that the explanation of

the stability of a rapidly rotating gyro may also be found in this same law,

' 4s it is inherent in a body in rectilinear motion to mzintain the direction of ) —
its motion, so it is inherent in the rotating rotor of a gyroscope to maintain the .
plane of its rotation (thereby making it an inherent property of the axis of the -
rotor to maintain its direction). The higher the speed of rectilinear motion, the

more energetic is the resistance of the body to forces tending to vary the direction

of its motion. Similarly, the more rapidly the rotor of a zyro rotates, trLe more

energetically will it resist forces tending to vary the plane of its rotation or the

direction of its axis, -

These are proved facts, and such an explanation appears entirely acceptible at

first glance. However, the obvious inadequacy of this explanation must be emphasized
at this point, for it does not cover the essence of the matter and leaves undisclosed
- the most substantial and important features of the question with which we are con-
" - cerned,
R The reader will be able to convince himself of the fact that thias explanation is

o ilnadeq\xat.e by making the following simple experiment:

Let us take our model of the gyro in Cardanic suspension, and set the rotor of

the gyro in rapid proper motipn. E'iml_y hold the cuter gimbal ring, preventing it_

HE. e

. “firom rotating about its axis, and at the same time tap the inner ring. Surprisingly,..

Ao
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_ we now find the stability of our gyroscépe has entirely disappeared, No matter

i
13
]

H

how rapidly the rotor of the gyro is now rotating, it will be unable to resist .

forces tending to vary the direction of its axis, just as though no rotation at all

.. had been imparted to it.

What has changed by comparison with the condition of the experiments described

/ in Section 2? Only the fact that, in the former case, the outer ring of the Cardan-f
' ic suspension was able to rotate freely about its axis while now we have fixed this?
ring and destroyed its free rotation. It is clear that destruction of the freedom
of rotation of the outer gimbal ring completely deprives a rapidly rotating gyro of
its stability, and completely deprives it of its ability to resist the action of

- forces tending to vary the direction of its axis.

From the point of view of the considerations presented above, this fact (now
discovered) of the loss of stability of the gyro when the outer gimbal ring is fix-
ed remains entirely incomprehensible. Obviously, the above explanation of the sta-
bility of a gyro does,in fact,evade the essence of the question, and must definitely
be recognized as inadequate and unsatisfactory.

‘ We will return again to this explanation of the loss of stability of a gyroscope
when the outer ring of the Cardanic suspension is fixed. For the time being, how-
ever, we content ourselves with the following remark:

In the gyro described in Section 2, there are three axes of rotation, correspond-
ing Lo Lhe Liiree possible rovations of the instrument: rotation of the outer ring,
rotation of the inner ring, and proper rctation of the gyro rotor itself. Accord-
ingly, a gyroscope with this arrangement is called a gyroscope with three degrees cof

-~ freedom.

iFor 1:!'15.5~ ‘reason, ‘?;me’h":jjtjh é fixed outer ring is termed a gyroscope with two de-

t
.. |grees of freedom.

!
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34

o

o

. /scope with two degrees of freedom*,

|

g We

}property of stability in repld rotation; this property is entirely lost by a gyro-
; e e
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has been established in Section 2 and in the present

may now formulate what

! ,
! Section in the following way: a gyroscopd with thras degrees of freedom has the -
t |

We also note that the experiments described in this Section will give a convince

-
;;ing result only if we actually deprive our gyro of one of its degrees of freedom,

i.e,, if we firmly hold the outer ring of the suspension and do not allow it to ro-!

tate about its axis. - The slightest freedom of rotation left to the outer ring will

result in certain stability - although a weakened one - of the axis of the gyro

rotor.

Section 5. Action of Porces Applied to the ixis of a Ranidly Rotating Gyro.

Let us now proceed to the explanation of the stability of a rapidly rotating

gyro with three degrees of freedom, and of the instability of a gyro with two degrees

of freedom,

In Section 3, when explaining the stability of rapid rectilinear motion, we con-

sidered the action of a transverse impact force on a body in rectilinear motion. we

shall proceed similarly here. Let us define She result of the action of lateral

forces applied to the axis of a rapidly rotating gyro., The answer to this question

. will give a clue to the explanation of all gyroscopic phenomena.

* We remark that the gyro with three degrees of freedom may likewise be transformed

into a gyro with two degrees of freedom hy destroying the degree of {reedom cor-

drne o

responding to the rotation of the inner ring o

£ the suspension about its own axis.
This may be done by rigidly attaching the inner ring at a right angle to the outer
ring and leaving the outer ring free. It is obvious that, in this case, the &yro,;

deprived of one of its degrees of freedom, will lose its stability and rapid ro-

i
i
i
H
i
|
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First we define the deviation of the axis of a razicly rotating gyro frém it.sﬂ
' briginal position, under the action of given transverse forces applied to the gyro -
?axis. Of course, this question may also pe posed Jifferently. Cne might ask what
_;:.ransverse forces must be applied to the akis of x rapidly rotating gyro in order u;
_produce a given deviaticn from its original direction. This inverse formulation of

the question is more convenient for!

us. Let us now consider it,

Assume that the rotor of the |

gyroscope ABCD is given a rapid proe

per rotation about its axis KL,

which we assume to be directed,
e.2., horizontally (Fig.5; the gim~
bal rings are not shown on this dia-
gram The rotation of the rotor
2bout’ the axis KL is assumed to be
directed as shown in th: diagram by
Fig.5 the curved arrow, i.e., we assume it
to be directed clockwise, if viewed from the end L of the aris. A1l zoints of the
circumference of the rotor have the same velocity Vo directed along the tangents to
this circle. Pigure 5 shows the velocities of the points 4, B, C, D, lying at the
- ends of the horizontal and vertical diameters of the rotor.
Ve now assume that we vary the direction of the axis of the rotor KL, by turning
1t through the small angle in the horisontal vlane (Fig.o); the new rosition of the
‘ ..axis KL will be denoted by KlLl. In this case, the plane of the rotor 4BCD 1s turn-
ed through the same angle about the vertical line zz and takes the position A bC D
He assume that the rotation of the axis of the rotor through the angle ¢ takes place;

R '“&uring r.na ' course. of the ahort time interval ¢ , The question is what forces must be

,;"§ppliad to the axis KL to the rotor to effect a rotation of this axis.

13




Let us try to ascertain how the rotation of tha rotor plune about the straight
line zz through the angled_will affect the velocities of the individual points on -
.
“the circumference of the rotor.

- P
It is obvious that the velocities of the points 4 and C (which, after the rota- g

‘__;tion, will occupy the positions Al and Cl) will preserve both magnitude and directior?

!
i
|
i
i

Vthroughout this ratation (Pig.4). The situabdion wi Lhe points B and D will be differ—
Vent; here, while the magnitude of the velocity likewise remains unchanged, its direc-
. tion does vary.
Let us take the point B, Before the rotation, its velocity v was directed along
he tangen‘t to the circumference ABCD. After the rotation, the velocity V1 of the
E ;point, B, numerically equal to v (vlvl = v), is directed along the tangent to the cir-

~“~tunference A)BC,D; in the time it will rotate through the angle @, together with |

g the-entire planv of the fotor, about the Iine zz.

oved for Release 2010/07/1 043R00050018001
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Figure 7 shows the direction of the velocities v und vy in projection onto the

plane nAl CCl, perpendicular to the line u.

Let us construct a parallelogram at point B in which the segnent. vl is the ciag-

- onal and the segment v is one of the s..dsa, the second sides of .,his ;\arauelogram

- will be termed vy (Figs.6 and 7). It is easy to see that the transition from the

velocity v of point B to its new velocity v is equivalent to the appearance, at

this point, of a new component of
velocity uy which, on combining
with the previous velocity v,
zives the new velocity v1 of the
point B. In view of the smallness.v

of the angle o/ assumed by us, it

my be considered that the magni-

tude of the additional velocity
component u is equal to vl , i.
€5 Uy BV d_ ¥, the direction of

the velocity u, may be considered

1
perpendicular to the plane ABCD
Fig.7 or parallel to the axis of the ro-
tor KL. The velocity component that appears at the point D will be the same in mag-
- nitude but opposite in direction.

However, this is not all. Let us return to the point B. It must be taken into

- coneideration that during the time <t the point B, participating in the rotation of |

# when the angle ¢ is small, the second side uy of the parallelogram may be consid-
ered to be equal to the arc of a circumference of a radius v corresponding to the
|

central angle a ; however, the arc is equal to the product of the radius g.gg;pb_d;

i
)

I

central angle, Consequently, ul= va .

.,_1!.5_
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. the rotor about its axis KL, travels the short path BF} = v ¢”along the circumfer-
iuenc. ABCD, and by the end of the interval of time will no longer be on. the line .-
2z but at a distance FB) from this lire {Fig. 8); 1in this case, owing to the rota-
- tion of tﬁe rotor §lane about the line zz; our point will also hz;ve Acquired a new_

~. velocity (denoted by up) perpendicular to the plane ABCD (i.e., parallel to the rotr

axis KL) and equal to the product of the distance FB] of the point B) from the line

zz and the angular velocity of rotation of

the rotor plane about the line zz, Since !
z h

H this angular velocity (denoted by wi) is
PN

\i.J

18 ecual to the ratio of the angle of rotation
d

to the time (i.e., wy = ;“—), we con-

C
clude that

up = BBl W1 = v

Thus, the above considerations indi-
cate that, at the point E (or, more exactly,
at the point of the circumference of the
rotor which was located at B at the begin-

ning of the time interval Tand at By at that time interval), there appears a sec-
ond velocity component u2, ecual and parallel to the velocity wu;. On compounding
the velocities uj anc u2, we conclude that the rotation of the rotor plane

- through the angle oL is accompanied by the appearance at the point B of a corres-

ponding welocity u, directed parallel to the axis of the rotor KI and emal to

umul tu2 =vadtvar2 voa

- . |
but opposite in direction, also appears at pdnt D.

16
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N i

is for the remaining points of the circumference ABCD, similar arguments (whose |

D 1
]

- details will not be given here) lead to the conclusion that, at the points of the {

h " gemicircumference ABC, there appear velocity components parallel to the rotor axis l
|

‘KL, which are numerically less than u and have the same direction as the velocity u

_“at point B (Fig.9). Velocities that are the same in magnitude but opposite in dir- !
ection appear at the points of the semi-

i

circumference ABC. f

z v

: (P . After having defined the mechanism of
ﬂ! action of the rotation of the rotor plane

on the velocities of its individual points,

we nay now proceed to our main nroblem

which is to define the forces that must be

appiied to the rotor axis tc cause its

»lane to rotate through the angle oL .

Let us return to Newton's Second iaw
of Motion, We inow that, if a moving body
of muss m acquires, during the time T , &
change in velocity u, then this change in

Fig.7 velocity is the result of the action of a

{
&
i
£
H
i
£
]
i
}
!

force F, applied to the body and having the direction of the chunge in velocity u,

being equal to

r‘O;N'(cf. eq. (1) in Section 3).

~t

Let us assume all the mass of the rotor to be concentrated on its circumference

_iABCD, and let us divide this total mass into individual pirticles of mass m, Let us
i

i

apply Newton's Second law of Motion to the particle at point B. Un rotation of the !

1043R00050018001
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rotor plane through the angle ok during the tims 7" , this particle will acquire the

gy

change in velocity u = 2 v &, directed pirallel to the rotor axis KL (Fig.9). ’N,

Fig.10
must conclude that this particle, during the time T , is subjected to the action of

the force F, likewise directed n:rallel to the rotor axis KL (Fig.10) =nd equal to

The same force, but opposite in direction, is applied to the point L. To the

— remaining points of the circumference ALCD are applied forces less than F;

“the points A and C these forces are equul to zero.

resultant R, directed in the same way as all these forces, i.e., paral-

the rotor axis KL on the side of the end L of this axis. The same resultant,.
i

ad Sa d Cop oved for Release 2010/07/1 IA-RDP8 043R00050018001
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but orposite in direction, is obtained by ‘combining all component forces appiied to

ithe points of the semicircunference ALC. g

The two forces Rl, squal and parallel but directed toward opposite sides and ap-

I
{

_'plied at the noints E and G, form what is termed a couple of forces. The segment EG!
.-is termed the arm of the couple, while the product R * EG is the mcment of the couplé.
‘Let ths moment of the couple so obtained be dencted by the letter K and let EG = d.

Then, M = Rd,
Let. us denote the angular velocity of the proper rotation of the rotor about the
axis KL by the symbol w . 4 calculation, whose detaiis wilil not be given here,

leads to the following expression for the moment i of the couple of forces so obtain-

ed:

if, as above, we denote

i.e., if the symbol wl denotes the zngular velocity of rotation about the axis zz.
This moment M is cslled the gyroscopic moment.
Here J is a constant factor depending on the mass, shape, «nd dimensions of the
v'*"irotor; it is termed the moment of inertia of the rutork.
- Thus, the rotation of the rotor plane through the angle a alout the line 2z as-

i
-1

‘sumes the existence of a couple of forces with a moment M. The forces R forming thié

<71 % We will return in Section 13 to the derivatian of eg. (2).

58
7 L1

60 .
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" about the line AC (Fig.10). The effect of the action of this couple remains un-
. changed if we assume that the forces forming it are applied not at the points B and

"G, but at any points Ey and Gy on the rotor axis KL (Fig.1l). The magnitude of the |

e SR

forces Rl of this couple and the i
magnitude of its arm ElGl = dl :
may be taken arbitrarily; it is

important only that the condition§

Rldl=M_ YW

be satisfied.
Let us finally sum up. We
pose the question what forces must
Fig.1l be applied to the rotor axis KL,
in order to rotate this axis in the horizontal plane through the angle a . We see
now that, for this purpose, it is necessary to apply to the rotor axis the couple of

vertical forces Hl of moment

K=Jw &
T

|
t
5
!
i
i
i
Z
|
§
3
i

This result cannot be otherwise than unexpected. To turn the axis of the rotor
- in a horizontal plane it is necessary to apply to this axis a couple of forces in a
-~ vertical rather than in a horizontal direction. If the rotor were not rotating a-

‘bout the axis KL, then, under the action of the verticsl forces Rl applied at the

" points El and Gl,

' presence of the proper rotation of the rotor about the axis KL, ths same forces pro-
g b

it would of course rotate about the horizontal line AC. 1In the

“iduce a rg!._a}}gxi Pff,'bf, rotor about the vertical line zz instead.

mis_{ggt}_ia the key to the explanation of all the surprising properties of a |

20,

i
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rapidly rotating gyroscope, to be discussed below.

"Section 6. The Rule of Precession

Let us return again to the result obtained in the preceding Section.

!
1
g
|
i
i
|

Wie have seen that a couple of forces R_, applied to the axis of a rapidly rotit-
ing rotor KL, causes a rotation of that axis in the horizontal plane through the an-f
gle ol (Fig.11l), If ths angular velocity'of the proper rotation of the rotor about
the axis KL is equal to w , and if the applied couple of forces acts during the

‘ short time interval 77 , then
? the angle of rotationd(, is
l determined by the equation

JuwX =g

T

where J is the moment of in-
ertic of the rotor and M is
the zoment of the applied cou-
ole; hence

'
Fig,12 L= =
& J i

Let us now assume. that the rotor axis is subjected, not to a couple of forces
but to the single transverse force 3, which acts during the short time interval
perpendicular to the axis KL (Fig.12); the direction of the force S is zssumed to be

- vertical, What will be the result of the action of the force 5?7

’ The design of the instrument is such that the point O of the axis KL, the point
;‘:"o! intersection of the Cardanic axes, must remain fixed. The fixing of this point

. ’:jihas the consequence that when the force S is applied at the point A of the axis KL

- _AZ.(E%},:“]:{)_’.,EHE’,“,f’_lff,_,ff,"_‘if of reaction 5, of this fixed point equel in magnitude }0_._;
) J"",’,,,f?’,'fi?.“" opposite in direction, appears at that point 0. The forces S and 31

i
i
i
i
i
i
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form & couple of forces, Thus, we have a couple of forces applied to the axie KL, '
w#ith the distance a of the point ol application A of the force S from the fixed
point O being the arm of this couple and its moment being equal to M = Sa.

The result of the action of this couple of forces is already kmown to us. It |

. will cause, during the time T , the rotation of the rotor axis KL in the horizontalf
plane through the angle a (as shown in Fig.12). The value of the angle a is de-

termined by the formula

HT = 3Sa1
J e Ju
This will be the result of the acticn of the force S applied to the point 4.
Thus, the result of the action of the force S appliec to the axis of the rapidly
rotating gyro is the rotation of this axis through the engle ¢ in @ plane perpen-
dicular to the direction of the force S. This phenomenon is termed the precession
of the gyroscope. Under the action of the force S, the axis of the gyroscope is
said to "depart" from its assigned direction, or to undergo "precession" in the plzne
perpendicular to the direction of the force S.
#hen the axis KL is rotated through the engle a , the point 4, at which the
force 3 is applied, is displaced to the rosition Al (Fig.12). Let us denote by E
this displacement or "departure" A4 of the point A and let us mark the direction of

1
this segment by a dotted arrow. Tne diagram (Fig.12) indicates clearly that the di-
Testivn of bhe displacement b is obtzined if we rotate the direction of the force S
- through 90° about the axis KL in the direction in which the rotor of the gyroscope is

- rotuting about this axis.

To sum up all sbove statements, we arrived at the foliowing conclusion, which we

, ~will term the rule of precession (or the law of precession) of the gyroscope:

Under the action of the force S applied to the axis cf a rapidly rotating gyro

1043R00050018001
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e AT T

precession in a pline perpendicular to the direction of the force, i

The direction of displacement of the point A at which the force S is applied is
found by rotating the direction of the Bree S through 90° about the ;yro uxis in the%

direction in which the gyro rotor is rotating wbout this axis, '
The magnitude of the angle of deviation a of the gyro axis from its original

:direction is determined by the formula

where & is the distance of the point of applic.tion of the force S from the fixed
point 0; J is the moment of inertia of the rotor; w is the angular velocity of its
proper motion; and 1 is the time of’ action of the force 3, which time is assumed o
be short.

This law of precession gives the key to the explanation of all Jyroscopic cne-
nomena and to the construction of a theory of gyroscopic instruments.

In our derivation #e ussumed the force 5 to be directed perpendicular to the ro-
tor axis KL, e assume now that the forse 3 applied to the rotor axis KL (which we
assume, as before, to be horizontul), is directed in the vertical plane containing
the axis KL, but not perpendicular to the axis Ki (Fig.l3).

It is not difficult to
calculate the effect of the action of the force S.

Let us resolve the force S by the parallelogram rule into the components .51 and
Sy, the former directed perpendicular to the axis KL, and the latter along this axis.
The force S: will give no effect since it is destroyed by the resistance of the fix-

) ;jed point 0. The effect on the action of tne force 51, however, is given by the rule

., of precession, which we already know. Under the action of this force, the rotor ax-
-

‘iis KL will undergo precession in the horizontal plane. In order to determine the
Pl

qirgqpion of the precession, it is necessary to rotate the direct.ion» of__the_i?rcremsl_“

of the rotor.

t
jthrough 90° about the axis KL in the direction of rotation
I

23
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rw et R

In Fig.13 it is assumed that the rotor is represented by the counterclockwise Vayr-i

‘row if it is viewed from the end L of the axis KL; in the same sense, we rotate the

e s s b £

line of action of the force Sl through 90° about the axis KL. This determines the

direction of the horizontal dis-‘ )

i
{
{
i
{
4
Tl
i

placement of the point 4 at which !
the force S is applied. The mag-
nitude of the angle of rotation

of the axis KL during the time of

action of the force S is deter-

mined by the formula

L= T

Jw
where a = CA, wnd the symbols J,
W , and 7 hzve their previous
meanings.

Section 7. Stability of u Rapidly Rotating astatic Gyro with Three Deurees

of Freedom

taving sstablished the law of precession, we nass nos to the explanaztion of ithe

stability or rizidity imparted to a gyrc with three degrees of freedom by the rap.d

rotation of its rotor.

Let us take a model of the astatic gyroscope in a Cardanic suspension with three

_ degrees of freedom, place the gyro axis horizontally, and put the rotor into rapid

proper motion about this axis, Then let us strike the outer ring at the point 4, di-

:recbing the tap vertically cownward, In this case, the impact will cause the ver-
;tical force S to be applied to the gyro axis at the point 4 (Pig.ls) and to act dur-

- ‘
.. iing the course of a negligibly small time interval T (a negl#gible fraction of a |

1043R00050018001
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_second).

v P

The effect of the action of this force is known %o us, During the time of the

i
{impact, the gyro axis will be rotated in the horizontal plane through the angle .

° .
We determine rotation by rotating the dirdction of the force S through 90 about the.

' :gyro axis in the sense of the proper rotation of its rotor; it is assumed in Fig.lh |
‘that the proper rotation of the rotor is clockwise if viewed from the end A of the

~gyro axis; in this case, the rota-:

(— - tion of the gyro axis in the hori-
zontal plane through the angle
appears clockwise if the instru-
ment is viewed from above. The

value of the angleo( is determin-

ed by the formula

o= 3L
Jw

where J is the moment of inertia
Fig.ls of the rotor, W the angular veloc-
ity of the proper rotation of the gyro, snd a the distance of the point A from the
point of intersection of the Cardanic axes, i.e., the radius of the inner ring.

After the time T of the impact has elapsed, the action of the force S is inter-
rupted. e must conclude that the rotation of the rotor axis is interrupted simul-
-taneously. Indeed, the considerations in Sections 5 and 6 clearly show that the ro-

':ﬂ“’cation of the rotor axis assumes the existence of a force or a coupls, applied to

:"-Ehis axis. Consequently, if there is no such force, there can also be no such rota-

i j‘ﬂ]i.'.ion of the rotor axis. This means that when the time of impact U has ended, the

b e —

- rotation of the gyro axis will be instantaneously interrupted with the disappearance

] B

] :
of the force 3, and the gyro axis will remain in the new position in which it ie lo-;

25
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cated at the instant of the termination of the As for the angle a , it is

¢lexr from the formula

.that, if the time <t is negligibly small and if the angular velocity of the proper
rotation of the rotor is high, the value of this angle will be very small. The more’
rapidly the gyro rotor rotates, i.e., the greater the angle W, the greater will be:
the denominator in this formula and, consequently, the smaller will be the angle a .

In the case of a very rapid rotation of the gyro rotor, the angle a proves to be so
" small that the rotation of the gyro axis through this angle, on impact, escapes de-

tection by the observer. In that case, the gyro will arpear to be absolutely rigid

and in no way responding to the action of the impact. Inis is how we explain the
stability or rigidity of a gyro with three degrees of freedom, whose rotor has been
placed in rapid rotation.

e recommend that the reader who has available a model of a gyro in Cardanic sus-
pension repeat the experiment we have just described and center his attention on the
insignificant rotation of tixe gyro axis in the plane perpendicular to the direction

of the impact.

e pass now to the case when the impact is inflicted not on the inner ring but on
the outer ring of the Cardanic suspension. Let us strike the outer ring at the point
B in a horizontal direction, with a tap from tne left. at the point 3, the HorieOi—

.7 tal force S, directed leftward, will be applied and will act during the course of the
negligibly smell time of impact T (Fig.15). Through the intermediate stage of the
inner ring, the action of the force S is transmitted to the gyro axis AC; this force

-may be considered to have been applied to the gyro axis at the point 4, directed per-

"‘pendicuhrly to the axis AC in a horizontal plme, 2s shown in (Fig.15).

I'hen, apslymg the rulc o! preceasion, we rotate the direction of the force S

.26,
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‘applied to the gyroscope axis ai the point A through an angle of 90° about this axis!

:in the sense of rotation of the gyro rotor (in Fig.15, it is assumed that the rotor
i

s
TTP——

i
{
i
{
i

‘ia rotating clockwise if viewed from the A end of the gyro axis). as will be seen

from Fiz.15, during the time 7,

there is a rotation of the gyro ax-

is in the vertical piane through
the angle ol ; the end A of this
axis is somewhat raised and the

end C somewhat lowered. The value

of the angle o/ is determined by

the previous formula

«here the symbols J, W , und a

Fig.1l5 hive their former mesnings.,
nfter the lapse of the impict time 7, the gyro axis will remain in its new po-

sition.
We advise the reader who has a model of a gyre in Cardunic suspension at his dis-

position to perform a series of experiments, tap:dr; th2 outer and inner rings of a

rotating gyroscope in various directions und noting how the axis of the gyroscope

reacts to these impacts. It is very instructive to observe how the rule of precess-

- ion is obeyed in zll these cases.

--Section 8. XKutational Oscillations of the Gyro ixis

In performing experiments with the model of a gyro with three degrees of freedom,
4t may be noted that, in addition to th

il

e rotation of the gyro axis in a plane per-
pendicular to the direction of the impact, which has already been mentioned in th

., preceding Section, there are also very rapid and minute vibrations of the gyro axis,

27
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‘which appear after the impact und which gradually disappear thereafter. These vibraT

v itions of the gyro axis are termed nutational oscillations and have already been men-

We have said nothing of the nutational oscillations in the preceding Section.

i

" 'tioned in Section 2. ’
; -y
]

|

1

. They remained outside of our field of view in the theoretical picture of the gyro-
- scope behavior that we draw in Section 7. This was because these oscillations are
‘likewise due to a manifestation of the inertia of those parts of the gyro that were '
taken into consideration in the theoretical discussion given in Sections 5 and 6.
From these considerations we deduced, in Section 7, that, at the end of the impact
time <t , the motion of the gyro axis would instantaneously cease cn disappeardance of
the force acting during the time of impact. Such instantaneous cessation of motion
would be contrary to the law of inertia and, in actuality, could not take place.
The result of the inertia of the gyro parts is that, at the moment of completion of
the time of impact T , the gyro axis does not stop instantaneously, but begins in-
stead to execute minute nutationzl oscillations which only gradually die out under
the influence of friction on the axes of the gimbal rings.

It follows from this that the analysis given in Sections 5 and 6 is not absolute-
ly exact. e did not take into account certain manifestations, secondary in impor-
tance, of the inertia of the gyro parts. It must be borne in mind thet the inaccura-
cy thus admitted is smaller, the more rapidly the gyro rotor rotates; for a very rap-
idly rotating gyro, our analysis and the conclusions drawn from it may be considered
rather accurate.

In particular, the more rapidly the gyro rotor rotates, the smaller will be the

. 'é'\utational oscillations of the gyro axis, For the rapidly rotating gyro with which
3§ "}ae have to do in the technical applications of the gyroscope, the nutational oscil-
,i:}ﬁ.ations are vanishingly small and have no practical significance whatever. In all

|
“pf the following discussions, these oscillations will not be further considered, !

-~

In Section 2, it was mentioned that a gyro with thres degrees of freedom looges

28
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V :Lits stability in the position when the gyro axis coincides with the axis of rotaﬂibni
h”.“?of.the outer ring. Thils fact as well represents a manifestation of the inertia of .}

: ““the rings of the Cardanic suspension, which has not been taken into account.

_k_;?Section 9, Instability of a Gyro with Twg Degrees of Freedom

Let us now turn to an explanation of the causa for the fact discovered by us thaf;,
. a gyro with two degrees of freedom is unstable, no metter how rapidly its rotor is ‘:
 rotating.
Let us analyze the experiment described in Section 4. Let us place the gyro-
“scope axes AB (Fig.16) horizontally, put the rotor into rapid rotation, and then,
) jholding the outer ring at the points C and D, let us strike the inner ring a vertical
blow &t the point A. During the period of the negligibly short time of impact, the
_vertical force S will act at the point A. Ws assume it to be directed vertically “
N downward.
We already know what the result of the action of the force S would be if the out-
.er ring could rotate freely about its vertical axis. The gyro axis AE would rotate,
during the time of impact, through a small angle in the horizontal plane (cf. Fig.12).
. :.»-,In this case, the outer ring would rotate through the same angle about the vertical

_ -axis MN; the points C and D of this ring would be somewhat displaced in the horizon-

. —tal plane (the point C leftward, the point D rightward, if the gyro rotor were ro-

.»._.t.ating as assumed in Fig.16 and Fig.12). However, the rotation of the outer ring is

__prevented by the hand of the experimenter, who firmly holds the outer ring at the
~-j>oints C and D. In reality, the outer ring cannot rotate, but exerts on the hands of
e

4

_-the experimenter holding this ring, pressures acting on the points C and D, as has
5y

—just been stated.
50
i

:»j However, action and reaction are equal. If the hand of the experimenter is sub~

—jected to forces on the side of the outer ring held by this hand, then, at the same

—%ime, the forces P applied by the experimenter's hand will act at tj_u goi‘.gtre Q:n_qlﬂ!?'
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of the inner ring; these forces are the same in magnitude but opposite in dinctirobnﬂ
‘(Fig.16). The forces F, applied to the outer ring, are transmitted by means of the
‘inner ring to the gyro axis. Thus, the horizontal forces F applied to the axis of :
the gyroscope arise at the points A and B.

Let us now apply the law of precession of these forces. By rotating the direc- |

tions of the force F applied to the points 4 and B, through an angle of 90° zbout the

e

1
1
'
!
|
1
|
I
|
'

(

WF

{4

—

Fig.16
axis 4B in the same sense as the rotation of the gyro rotor, the action of the forces

F will cause the gyro axis to acquire a rotution in a vertical plane, so that its

--end 4 1s lowered and its end B is raised.
Thus, as a result of the action of the horizontal forces F, a rotation of the
- entire instrument about the horizontal axes CD is produced, =ss & result of the in-

- ertia effects mentionsd in Section 8, this rotation cannot cease instantly on cessa-

. tion of the time impact or on interruption of the force of impact 5. ut the same

_time, fixing the outer ring at the points C and D cuuses a prolonged action of the

., "horizontal force F which, on transmission at the points A and B to the gyro axis en-

) “éure its further prolonged rotation in the vertical plane about the axis CD.

Thus, the result of the vertical impact applied to ths outer ring at the point

.30
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is a prolonged rotation of the instrument about the horizontal avis CD (which is
‘then gradually damped under the influence of the friction on the axis CD). In this
icese, the rapidly rotating gyro behuves exactly as though its rotor had been given

_ne proper sotation whatever, The rapidly rotating gyro with two degrees of freedom |

.'1s entirely deprived of the ower of resisting the action of forces tending to changd

the direction of its axis. 4As is clear, the instability of a gy1c rith two degrees

of freedom is caused by the horizontal forces F produced by fixing the outer ring. 7

Section 10, Precession of a Gyro Due to a Continuously Acting Force Applied to its

Axis

Until now, we have experimented with a model of the free or astatic gyroscope to
which no other external forces were apnlied except impact forces, acting for & negli-
gibly short interval of time. Leb us now pase to the study of the behavior of a gyrd
with three degrees of freedom to whose axis a continucusly zcting external force is
applied.

Using our model gyro in Cardanic suspension, the gyro axis 4B is placed hori-
zontally, and a il rotation about the axis 4B is imp:=rted to its rotor (Fig.ﬂl?).
Of course, the axis AB remains motionless. ie now carefully suspend a small weight
from the inner ring at the point A. The axis of the gyroscope i3 immediately te_ins
to "deviate", precessing in a horizontal plane; the entire instrument instaatly
starts rotating about thz vertical line zz.

It is now no longer difficult to explain this phenomenon, The point 4 on the

. -~‘gym axis is constantly subjected to the action of the force P directed vertically
~~downward, and equal to the weight of the counterpoise. Let us appiy the rule of
‘precession. By rotating the force P about the axis AB through 90° in the sense of

50

l,_yﬂ'jrotation of the gyro rotor (in Fig.l7, it is assumed that the rotor is rotating

“clockwise if viewed from the A end of the gyro axis). ile see that, according to the;

.. Tirule of precession, the axis begins to rotate in a horizontal plane (with its rota- !
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tion about the line zz being clockwise, if viewed from above). During the negligidbly

- 1
‘small time interval { , the axis AB rotates through the small angle ~- determined Ly
- j\eq. (3) (cf. Section 6): ‘

- Pag

o, T S

Jw

‘where J is the moment of inertia of the rotor, W the angular velocity of its prever

‘motion, and a the distance of the Point A from the point of intersection of the

Cardanic axis (i.e., the radius of the inmer ring).

Fig.17
In the following and in all subsequent time intervals 7, the same processes
are repeated. As a result of the continuous action of the force P, a continuous ro-

!tation of the entire instrument about the line 2z is established.

on i Such a rotation of the gyro about the line zz is termed its precession, and the

,(;"‘line 7z is called the axis of precession. The direction of the precessional rota-
0eni
]

,n_”_’ition about the axis is shown in Fig.l7 by the curved arrow placed near the zz axis.

54&1Leb us denote the angu]@r velocity of the precessional rotation about the zz axis by
56_‘the symbol Wy ;t is equal to the ra.tio}of the angle of rotation = to the °,°"°,',J

58
32 :
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sponding time T ; bearing in mind eq. (3), we obtain the result that

- s = Pa
Wl“ ""
J W

[ ———_

This formula determines the angular velocity of precession W

Tt follows from eq. (3) that the higher the angular velocity of the proper rota-'

tion of the rotor w , the smaller will be the angular velocity of precession Wl

iAs a result of the unavoidable frictian in the instrument, the angular velocity of !

proper rotation w gradually decreases with the passage of time. Consequently, the
angnlar velocity of precession W 1 must gradually increase in time., We very
strongly advise the reader who has a gyro model available to reproduce the experiment
here described and to convince himself of the gradual increase ia angular velocity of
precession as the rate of proper rotation of the jyroscope decreases.

As for the sense in which precession occurs, the reader will easily find by re-
peating our reasoning, that a change of the direction of proper rotation of the rotor

to the oprosite sense, will result in a precession which will likewise be in the op-

posite sense: If, in Fig.17, the rotor is represented as rotating counterclockwise
about the axis AB (if viewed from the A end of this axis), then the precessional ro-
tation about the axis woulc likewise be counterclockwise (if viewed from above). It
is instructive to perform this experiment & number of times, imparting to the rotor

a proper rotation in different senses and observing the variatiir In the sense of

t
|
|
H
‘z
i
|

precegsion, as 4 function of the sense of proper motion.
In reproducing this experiment, the attentive observer will note that the pre-
\ cessions of the gyro are accompanied by smsll and very rapid oscillations of the gyro
7 axis, These are the nutational oscillations, with which we are already acquainted
o j&nd which have been mentiored above in Section 8. The more rapidly the gyro rotor

rotates about its axis, the smaller will be these nutational oscillaticns of the

- 1
gy |@yro axis. ‘
¥

In school physics laboratories, gyro models made of a bicycle wheel with a builts
i sLee.E ) ]
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up axle are frequently used. Let us impart to the whael a sufficiently rapid rota=-

"tion and suspend the instrument from the cord AC, attached to some point A of the

.1 AE axis of the gyro, giving its axis a horizontal direction (Fig.18). It cannot but

1
i
i
i
i
}
i
i
i
!

surprise us that the gyro fails to descend under the action of the force of graviytv.y !
, P. Instead, its axis AB begins to precess in a horizontal plane, rotating about the;‘
vertical line AC. ‘
|
This is the well-known phenom—?"
enon of precession which, in this
particular case, is due to the ac—‘

tion of the force of gravity P on
the gyroscope, which here plays )

the sume role as the suspended

counterpoise in the preceding ex-
periment. The sense of the preces~

sion 1s determined, as always, by

the rule of precession (in Fig.l18

Fig.18 the sense of the proper rotation

of the gyro and the sense of precession are shown by arrows). The angular velocity

of precession W, is found from eq. (4):

Pa
w1l Jw

--where a = AB; J is the moment of inertia of the wheel; znd w is the angular veloc-
ty of its proper rotation about AB axis,

We remark again that, according to this formula, the angular velocity of preces-
§ sion %) is smaller, the larger the proper angular velocity W becomes, snd vice
versa. It is very instructive, in performing the experiment with the bicycle wheel;

"|for the observer to note how the precessional rotation about the Veni?f}m'pﬁlfﬁﬂl'

proper rotation of the wheel dggr_‘easesL

‘z
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If a gyro model made out of a bicycle wheel is unavailable, the above expsrime‘r'xrtu

‘may be reproduced with a toy model of the gyro, consisting of a top ¥ whose axis is..

e R T

" “ifixed to the ring N (Fig.19). It is easy to find such toy gyros in shops.

‘Section 11. Gyro with Three Degrees of Freedom on a Rotating Base. The Foucault

Gyre. Experimental Proof of the Earth's Rotation.

We know that a rapidly rotating astatic gyro with three degrees of freedom pos-

sesses a high degree of stability;i
v its repid rotation gives it the

W power of energetically resisting
the action of impacts tending to
vary the direction of its axis.
This same property is possessed by:
a gyro with three degrees of free-
dom when placed on some rotating

base.

Let us place our model of the
‘“‘--.(_.E free gyro with three degrees of
freedom on the small platform L,

Fig.1l9 which may be rotated about the

i
!
§
i
%
|

vertical axis MN (Fig.20). Let us impart to the gyro rotor a rapid rotation about

the axis AB and note the direction of this axis. e then begin to turn the stage L

_iof the instrument. The rotation of the stage is in no way reflected in the direc-

~“tion of the axis AD. The axis iB is not involved in the rotation of tne base of the

tG

nstrument; it stably preserves an invariant direction in space¥,

”j # For this experiment, a so-called centrifugal machine, available in most school

<. | physice laboratories, may be used. If this is not available, the buse of the

gyroscops may be simply rotated by hand.

]
|
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Thus, the axis of a rapidly rotating astatic gyro with three degrees of freedafrx;
placed on a rotating base, stably preserves its constant direction in space, 4
‘ numoer of technical applications of the gyro, discussed in the following Chapter,
are based on this property.
It must be borne in mind that, in essence, all gyro with which we have to do
"are placed on a rotating base since their common base is the rotating earth. The
following conclusions must be
drawn from the above statements.
If it were possible i3 zanstruct
a gyro of such ideal perfection as;
to be completely free of the ac-
tion of forces causing precession :
(i.e., & gyro ideally bslanced and:
completely free from friction in
the Cardaric axes), then the axis ‘
of such an ideal gyro, when in
rapid rotation, would stably main-
tain & constant direction in space.
If vie directed the axis of
Fig.20 ;such a gyro toward any fixed star,
and if the instrument were operating a long time, the axis of the gyro would follow
the apparent diurnal motion of the ster in the celestial vault (which is the conse-
_--quence and the manifestation of the diurnal rotation of the earth). By pointing the
:_,yro axis toward the eastern part of the celestial vault (where the stars rise), we
'T?would see that the gyro axis would slowly rotate from exst to west and would simul-

i "ftaneously rise above the horizon; the gyro axis directed toward the western part of

., jbhe celestial vault (where the stars set) would rotate from east to west, and would

i

.. |3radually sink toward the horizon. ‘i
e e e o . o o]
!

!

{

i

ed

—

7

oved for Release 2010/07/12 : Cl, 043R000500180017-!



In this ideal case, the gyro axis would thus be continuously disphced with re~
o spect to terrestriil objects. Such an upburent dispiacement of the gyro axis, re- ..
- flecting the actual diurnal rotation of the earth, would be a illustrative proof of
B fhe rotation of the earth. This was the thought on which Foucault based his famgg;
" experiment reported by him to the Paris icademy of Sciences in 1852.
The difficulty of the experiment consisted in the construction of a gyroscope
, approximating the ideal perfection described above, In the Foucault gyro, the outen

gimbal ring was suspended on a thin un-~

twisted fiber strand (Fig.21) and rest-
ed on a guide bearing; the imner ring
lay inside the outer ring, resting on
two bearings designed in the form of
two knife blades. 4ll measures were
taken to make the instrument completely:
balanced, i,e., to have the center of
gravity of the instrument coincide with
the point of the intersection of the

Cardanic axes. The instrument oarts

were so labile that (as Foucault said

in his report cn this exveriment) they
would be set in motion by the slightest breath.
The gyro rotor was placed in rapic¢ rotation. After the instrument had come to

A rest, observations were made on the subsequent behavior of the outer ring. e al-

—ready know that, in the absence of any forces acting on the instrument, its outer

—iring, togsther with the gyro axis, must slowly rotate from east to west, and that
50

‘this apparent rotation of the gyroscope reflects the true diurnal rotation (from

—west to east) of the earth.

Foucault actually did succeed in detecting, on his instrument, this slow rota- l
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_tion of the cuter ring. In this way, for the first time, the diurnal rotation of

the earth was demonstrated by means of & pure laboratory experiment.'

: Section 12, Gyro with Two Degrees of Freedom on a Hotating Buse., Foucuult's Rule,.

We have seen that a rapidly rotating gyre with thres degress of freedom on a

rotating base, statly preserves the constant |

direction of its axis in space, This prop-

erty is completely lacking in a gyro with two!

degrees of freedom. iet us considsr the be-

havior of such a g@ro when placed on &« rota- ¢

ting base.

Muny physics laboratories of schools use !

&

model of the gyroscope with two degrees of

freedom. This consists of the top (rotor) P,

whose axis 4B is attached to the ring S whose
horizontzl axis of rotation CL, in turn, is
attached to a fixed verticual ring Q which is
rizidly connected to the base of the instru-

ment (Fig.22). This re,resents « gyro in a

Cardanic suspension, whose outer ring Q is
Fig.22

mide immobile, It is clear that such a gyro

has btwo degrees of [reedom,

Let us place this gyro on the stage L which may be put in rotation about the ver-
-'tical axis MN (Fig.23). Let us give the gyro axis 43 a horicontal direction and

r_]wplace the rotor in rapid propsr motion about the axis AB, Then, let us begin to
50—

H
_.T‘turn the turntable L. The axis of the gyro will leave its horizontal position and
50y

64 ‘u-slowly assume a vertical position. Let us now change the sense of rotation of the

56 turntable L, The gyroscope immediately will rotate through 180° about the a:}rdsWCEL_E
587

[
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) to a vertical direction, except ‘that the end of the

e

Such & somersault.of the.-

fg)'ro about the axis CD will be repeated each time the sense of rotation of th
| . . . . .

¢ ,__:i ‘table L is chénged. )
Let us analyze this phencmenon.
We place the gyro axis 4B in a horizontal position and impart to the gyro rotor
the proper rotation and the sense shown in

Fig.23 by the arrow (which is clockwise if

viewed from the B end of the axis AB). Tne

stage L is then rotated clockwise if viewed |
. 1

from above (as shown in Fig.23); at the same;
time the ring S is fixed at the points a emd]t
B, without permitting it to leave this hor- ‘
izontal position. The problem is to define
t.l:ne force to be applied at the points A and |
B. The axis of the gyroscope will now ro-

tate m the horizontal plane about the ver-

tical axis MN. As we already know {cf. Sec-

tion 5), in order to effect this motion it

is necessary to apply a ccuple of vertical

forces to the gyro axis. Recalling Fig.ll

in Section 5, we see that, at the point B .

Fig.23 (Rig.23), the vertical force F directed downé—

:Bwlward, and at the point A4 the equivalent force, but directed upward ,must be applied i
(we would reach the same conclusion as to the direction of the forces at the points (

and B by applying the rules of precession directly to the given case), Thus, in

order to force the gyro axis to remain horizental, it is necessary to press downward

t the point A. This means that the axis AB tends to rise at its B e
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?Ré 4 end, It becomes understandable from this that, if the ring S':'Ls freed,—th&sj

>4j {eliminating the forces F, then the B end ér the gyro axis will actually rise and the

4 {

"ih end will sink; the gyro axis will then become vertical, with the B end on top (Fig

o

i —
—i24).
o We conclude that the axis of a gyro with two degrees of freedom, on a rotating

bdse, becomes parellel to the axis of rota-

tion of the base in such a way that the rota:

tion of the rotor and the rotation of the
base are both in one and the same sense.

Let us agree to term the two parallel ax;
es of rotation simultaneously parallel if hh;
rolation about these axes is directed in one
and the same sense. On introducing this
term, we arrive at the following formulation
of the result obtained: The axis of a gyro-
scope with two degrees of freedom, on & rota-
ting base, tends to simultaneous parallelism
with the axis of rotation of the base.

Tnis result, which was first enunciated

by Foucault, is generally known as Foucault's
Fig.24 rule.
It is now easy to understand what takes place when the sense of rotation of the

S“Jflip over immediately to make its axls again proportionally parallel to the uxis of
--irotation of the base, Each change in sense of rotation of the base of the instru-

ment will cause another inversion of the gyro.
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: - giri‘o in a Cardanic suspension. After plaf:ing the rotor in i'épid mt.ation, o

j“_t,lgg outer ring must be rotated by hand abbut the vertical axis in alternating. direcs

{9 |
4tions. The gyroscope will respond without lag to these rotations, by executing suc-,
! = N D

_|'cessive inversions in accordance w

"] section 13, Derivation of the Formula for the Gyroscopic Moment

In Section 5, we have made the readeriacquainted with eq. (2) for the value of

“the gyroscopic moment:

This formula determines the value of the moment of the forces that must be ap~

-iplied to the axis of a gyroscope to cause it to rotate through the angle « during ‘
the time about an axis perpendicular to it. Here, J is the moment of inertia of

" the gyro rotor, W the angular velocity og its proper rotation, and w 1 = :

‘ .:;the‘ angular velocity of rotation of the gyro axis.
) Let us now dwell on the derivation of this formula:

First, we will revert to the beginning of Section 5. There,we discussed the ef-'

a rotation of its axis through the smill angle « about the line zz (Fig.6). Let us:
40 ! )
—.now discuss the sime question with respect to any point lying on the rotor circumfer:

Let us take, on the rotor periphery, any point N and let us denote by ¢ the ‘
|
_Jangle formed by the radius ON and the horizontal radius OA (Fig.25). 4s a result ofi
48] !

_{t,he proper rotation of the rotor about itsr axis Ki, the point N will have t:ze veloc-—!
50 !

ty v, directed along the tangent to the rotor periphery (Fig.25 and 26), and equal |

54"*:0 V ZR w , where R is the radius of the rotor and w is the angular velocity of

—fits proper rotation. The proper votation of the rotor y_il}l’_be considered as clock=-

Sanitized Copy Approved for Release 2010/07/12 : CIA-RDP81-01043R000500180017-5



I I lilllii

-iwise of viewed from the L end of the uxis| KL (Fiz.25).

During the interval of time T (which we assume to be infinitesimal), the gyro

T i
.faxis KL will rotate in the horizontal plane through the small angle and will take

i

the position KlL;L; at the same time, the plane of the rotor, rotatihg throughthe_

@

,‘ same angle ol about the vertical line zz, will take the position Achll) (Fig.25).
0t

L H’ Then N, during the time T’ 5 will be displaced to the position Nl, and its velocity,

o ‘ without changing in magnitude,
will change its direction; after
the rotation, the velocity of the i

point Nl (which we shall denote by

-

the symbol vl, where vl = v) is

directed along the tangent to the

circumference AlBClD (Fig.25).

For our later argument we must,

now ascertain the value of the an-
gles formed by the direction of
the velocity v:L with the original |
direction of the velocity v. Let
the point of intersection between :
ﬂ*j the velocities v und v:L and the line zz be denoted by the symbol 01 and let us dropi’}
”: the perpendiculars NOl and Nlo2 from the points N and Nl to the line zz. Noting ’

| .
. that, in the triangle N0102, the angle at the vertex Ol is equal (as a result of the“
] |

~7|sides being perpendicular) to the angle ¢ » we conclude that

—d

16

+b

!
i
i
i
I

50 N02 = NOi sinzIP (5)

During the time T , the point N is displaced by NN., which is an arc correspong-

“ling to the central angle NO,[ll. “Since th‘igugng’lgl is equal to the angle of rotation

i
i

b2

NS IS
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NNy = N02

On the other hand, the same displacement of NNl may be considered with suffi-
This is the

J cient accuracy as the arc corresponding to the central angle in OlHl.
angle we require between the di-

rections of the velocities v and |

vy let us denote it by the le’cteﬁ

|
i
x. Tnen we shall have :
|
i

iy : )

From eqs. (6) and (7) we find

HOl . X = T-'Oz .

However, eq. (5) yields

Conéaquently »

This is the valus of the angle between the velocities v and vy

[ S
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Let us now represent the triangle NNlOl* on a special dlagram (lb"‘ig.27)mrs4x;d iet; |
" _'us construct at the point N, a parallelogram in which the segment v is_one of the ..

" "Isides while a segment equal and parallel to v.fl is a diagonal; the second side of

this parallelogram will be denoted by ul. The transition fram the ﬁlocit} v oi‘

N

Fig.27

-point N to the velocity vl of point Nl is equivalent to the appearance «t point N of

- @ new velocity component u which, on combining with the velocity v, yields a new

.. velocity v,. Since the triangles are similar, we have:

u .

i

“Ba-jor, on the basis of egs. (7) and (8),
SOj
52 u =Vx=vaeing

54

56 * 8, Na may be replacad ; with sufficisnt 2QCUracy,. by & reciilinear segment., |
5 £

60
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is for the direction of the velocity "ul, it v seen from the di agr_m (!-‘:lg.
» %,2?) that it is opposite to the direction of the displacement NNl. . In view of the. -
smllnsss of the angle ¢ , this displacement may be considered perpendicular to the
i plme of the circumfersace aBCD (Fig.25), i.e., parallel to the rotor axis KL. Gon-|
wequent.ly, the velocity \Ll is directed perpendicularly to the plune 4f the rotor, or
" parallel to its axis KL (Fig.28).
We have assumed the point N to belong to the quadrant 4B of the rotor. Let us
" now take, on the quadrant BC of the rotor, the point P, symmetric to the point N
',,‘ with respect to the line zz. Repeating the same reasoning, we find easily that, on

rotating the plane of the rotor about the line zz through the angle & , the new

velocity component ul will appear at the point P and will be equal in magnitude and
: direction to that at the point N. At the points Q and V, belonging to the semicir- |
. cumference ADC and symmetric to the points N and P with respect to the line 4C,
. there will appear the same velocities Al, equal in magnitude but opposite in direc-
tion. ‘
Thus, at all points of the semicircumference ABC, will appear the velocities u,,
determined by eq. (9) und directed parallel to the rotor axis KL toward the L end of
this axis. The velocities 4y equal in magnitude but opposite in direction, will
7 appear at the points of the semicircumference ADC. The appearance of the velocitieé
u; is due to the rotztion of the rotor plane through the angle & , in the time < ,E
- about the line zz. Let us now take into account the other effect, which is likewise

a consequence of this rotation.

Let us return to the point N. In participating in the rotation of the rotor a-|
{

bout ite axis KL, this point has a rotatisonal velocity about the axis KL, which we
have denoted by the symbol v. However, during the time 1 , the plane of the rotor
is likewise rotated about the line zz through the angle a , and as a result of this

the point N, which participates in this second rotation, likewise receives a rota-

tional velocity (which we shall denote by the 7symbrol w)ﬁ abeut ﬁ'jj‘f@f zz. The
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‘velocity w is equal to ‘the product of the radius N02 and the anguiai vélo}:i{;y of
rotation of the rotor plane about the line 2z; denoting this angular veloeity (as. ..

“"in Section 5) by Wy, i.e., assuning that

%

w

" We have (Fig.28)
w = N (<4
1 MJZ hC,
However, the direction of the ve- '
locity w is perpendicular to the
plane of the rotor, i.e., parallel

to the axis ¥KL; in addition, at

the sense of rotation of the rotor
nlane, adopted by us, about the

line zz, the velocity w is direct-—

ed toward the K end of the axiz
KL, i.e., is opnosite in direction
to the velocity %y

It must be taken into account

at the »oint H.

that, during the time T s the

- »oint N while participating in the

Lo Fig.29 rotation of the rotor about the

| —axis KL, traverses the short path IN' = vy , and toward the end of the time interd

L ival will be at the distance N'0'2 from the line zz (Fig.29 and Fig.30) instead 01:
I :
Sc-ﬁat the distance NO,. In other words, during the time 7° , the radius N02 is dimin- -
]

s ished by the quantity Nn (Fig.30) and the velocity v by the value Mn o/ 7 . Thig

5 4_iis equivalent to the appearance of a new velocity component W, = ¥n o¢/¢ , oppo-

Tlsite in direction to the velocity v, i.e., coinciding in direction with the veloc- |

¥
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- ity u;. We note now bhét, in the triangle idtn (Fig.30), the zmglo'&t the vertex N!

Tl equal (since the sides are perpendicular) to the angle <f and that,. consequently,

i

Fn=NN!' sin =v Y sin ¢
whence

u2=Nn%=vu sin ¢

Fig.30 . Fig.31
We see that the velccities uy and u, coincide not only in direction but also in
‘- magnitude., On compounding these two velocitiee, we conclude thazt, on the rotation
‘1-iof the rotor plane.about the line zz through the angle ¢ in the time 7T , the fol-'
’f‘:‘%lowing velocity component appears at the point. N during this time:
i
u=ul*u2=2va sin ¢ (10)
which is directed parallel to the axis KL toward the end L (Fig.31).
: | ImrexaTtly the sames way, we may convince ourselves that, owing to thesffect now
mﬁdmienﬁhe—veloeibiewi-acmmd by -the-points-P; Gy and-V are-new—
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_doubled (Fig.23). 4t all points of the semicircumference ABC there appear the ve- j

"locities u parallel to ihe KL axis and directed toward the end L; the sume veloci~. .

-»ties, but in opposite directions, appear at the points of the semicircumference ADC

H
i
i

i

(Fig.31).
Let us now revert to Newton!s
Second law of Motion. lLet us as-

sume, as in Sestion 5, that the |

entire mass of the rotor is con-

centrated alecng its periphery ABCD;

on which it is uniformly distrib-

uted. Let m be the mass of the ro-

tor, R its radius, and let us di-
vide the entire length of the cir—;
cunference 2 7 R into infinitesi-
mal elements A s (Fig.3:2). To
each element of arc A s corre-

sponds the elementary mass

- which is found from the proportion

_—-; On rotation of the rotor plane about the lines zz through the zngle o duriag

the time < , the elementary mass | at the point N has its velocity changed by the

value u = 2vg sing¢ , directed parallel to the axis KL toward the end L. conse-

““quently, in accordance with Newton's Second Law, this elementary mass, during the 1

“time ¢ , is subjected to the force F which is likewise directgd pa_xfl}glvt.o't”.he
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| rotor axis teward the end L, and which isl equal to

Pz p B.=m A8y & gn o
T TR T

Denoting, as above, the angular veloc;‘;ity of the proper rotation of the rotor
about its axis KL by ¥, and the angular velocity of rotation of the rotor plane

about the line 2z by Wl, we have

and, consequently,

F=-ionw N bssin g (1)

The seme force F is applied at the point P, and forces equal to F but opposite
in direction are applied at the points Q and V (Fig.32). On compounding the two
forces F applied to the points N and P,we obtain their resultant 2F, applied at the
point S, which bisects the segment NP; in exactly the same way the compounding of
the forces F, applied at the points Q and V, yields the force 2F in the opjosite di-
rection applied at the point T bisecting the segment QV. The two forces at the
points S5 and T form a couple of forces with the arm ST; the moment of this couple

is equal to 2F - ST,

Let us substitute here the value of F taken from eq. (11). e note, in this
case, that the quantity A s sin ¢ has & simple value. On laying off (Fig.33) from
the peint N the element of arc W' = A s and producing horizontal and vertical
’lines through the point N and N', we obtain the alementary triangle NN'n, in which

R ,!the angle at the vertex N' is equal to ¢ ; from this triangle we find

Assin ¢ =M

2F.85T=2 nw W ST M
SN . n

49.

R}
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However, the product 3T » Nn is the aves of the zone NﬁqQ (whiéh is hatched inw

v \FigJJ); denoting this ares by the symboli(” , we have . :

2F - ST= Rim W W
o

1

This is the moment of the couple 2F, applied at the points S and T. +e will hav

an infinite number of such couples_
corresponding to ull the elements '
of arc AB. ALl these couples of :
forces are compounded into a singl;a
resultant couple in the vertical

plane, passing through the axis KL
and the line zz, whose moment is

equal to the sum of the moments of!
the component couples. Consequent-
ly, denoting the moment of the re-
suitant couple by the symbol M and
using the sign 3 to denote summa-

tion, we will have:

2

M= 2 2F-8T= 3 S—mW ¥po

In all the components of the latter sum, there enters the common factor 2.nw

w 15 on removing this common factor from the summition sign, we have

M=2 nw wlZO

-i

= The sum of the area of the zones ¢ , corresponding to all possible positions of

o
.. the point N on the arc AB, gives the area of the semicircle BAD and, consequently,

% = -izkz{az

50
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L Thus, we finally obtain

T

n:m;z‘a W W
1

2 -
The quantity mR is called the moment of inertis of the rotor, under the assump-

"tion that all of its mass is concentrated along its periphery. Denoting the moment

-‘ of inertia by the symbol J, i.e., setting

we find
(13)

This must be the moment of the counle of forces to be applied to the gyroscope

_in the vertical plane passing through its axis, in order to ceuse z rotation of the

axis in the horizontal plane through the angle o during the time <t ; we must not

=& This moment is,therefore, termed the gyroscopic

forget that here W = =,
1 T

moment, .

5, we assumed

In deriving eq. (13) which coincides with eq.(2) given in Section

that all the entire rotor mass is concentrated along its periphery, i.e., that the

rotor has the form of a solid ring with relatively light spokes. ‘e have done this

Equation (13) remains true, even at a differ-

_in order to simplify the derivation.

ent distribution of mass in the rotor, i.e., at a different form of the rotor. Fow-
_ever, the value of the moment of imertia depends on the shape of the rotor. For

-example, if the rotor has the shape of a round disk of uniform thickness, of mass m

jand radius R, then its moment of inertia is determined not by sg. (i2) but by the

LE
<formula:

504
1

i

1 S SR

]

6.1
|
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CHKPTER II

SOHE OF THE SIMPLEST AFPLICATIONS OF THE GYROSCOPE

Section 14. The Obry Gyroscopic Steerinz Device®

Let us now turn to the applications of the gyroscope. e will begin with a few .

applications of the astatic gyro with three degrees of freedom. iie already know
that, if such 2 gyro is set in rapid proper rotation, then its axis becomes a

resist energetically all forces tending to vary its direction in space. The rapidly
rotating astatic gyro is irreplacable in all cases in which an instrument, stably
maintaining its assigned direction in space, is required. Some of these applica-
tions of the astatic gyro will be considered by us in the present Chapter.

The widespread application of the gyro in various fields of technology cormenced
on the dividing line between the past and present Centuries. One of the first and
very successful steps in this direction was the invention in 1898, by the ~ustrian
engineer Obry, of a gyroscopic direction-keering mechanism for self-propelled tor-
pedoes. This apparatus serves to keen a torredo moving through woter on itz set
course,

The torpedo hus a cigar~shaped form and is driven ty propellers mounted in its

:tail. The nose of the torpedo carries the explosive charge. The body of the tor-

pedo contains a meumatic drive which, during the time when the torpedo is running,

1

¥ Translator's note: In U,S, terminology, this a direction~keeping mechanism (for
torpedoss).
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» :.’fmnix;iains the rotation of both propellers f(rotating in opposite direct;ions)‘ahd also.

¢
i

i

Fig.34

“'maintain the torpedo moving through the water at the assigned depth and on the set
vv;course, two rudders are uséd, the depth rudder in the horizontal piané; an& the di-

v—?rectional rudder in the vertical plane. Both rudders are automatically actuated by

- ,’icontains the chamber for the compressed ai;r which feeds the pneumatic. drive. To

by the
by the
the depth instrument and the

directional instrument. Dis-

regarding here the depth de- |
vice (whose action is based |
on the laws of hydrostatics),j
we will give a detailed de- ;
scription of the directional
device which utilizes the prop-
erties, already known to us,
of a rapidly rotating astatic
gyro with three degrees of
freedom,

The steering apparatus of
the torpedo, which controls
the directional rudder, con-
sists of a rapidly rotating

astatic gyro in Cardanic sus~'

,pension with three degrees of freedom (Fig.34). In the normal position of the tor-

4
i
.« of the inner ring yy and the rotor of the gyroscope 2% are horizontal; the axis of

s 4_“'mtation of the rotor zz runs parelilel to the ;Dngi@%{?’??ff\fﬁifff?f? (in |

L33

“{the direction of its motion), while the axis of rotation of the inner ring yy is |

..~ pedo, and the axis of rotation of the outer ring xx 1s vertical, the axis of rotation

!
i

i
]
|
i
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If the torpedo is moving correctly ton;fxard its target along the set. course, then-

)
¢

‘ i ',Endmal to the longitudinal axis of the torpsdo.

""'the gyro axis 2z, preserving its direction in space, will always be directed along

_the longitudinal axis of the torpedo (Fig,35)%; the plane of the outer riag of the

ing

N suspension has a direction normal to the longitudinal axis of the torpedo. The sit-

“uation is different if for any reason at all, the torpedo deviates from the set =
course. Let us assume that the torpedo deflects from the direction to the target byg
the angle ol to the left (Fig.36). The gyro axis 2z, which stably maintains its

direction in space, will as before point toward the target and will form the angle

Fig.35 Pig.36

</, with the longitudinal axis of the torpedo. With respect to the body of the tor-

" -pedo, the gyroscope then executes a deviation about the vertical axis xx by the an-

©  .gle & to the right.

’

The body of the torpedo contains a servomotor which is actuated by compressed

|

air from the air chamber and triggers the directional rudder. Feeding of the com-
>~ pressed air to the servomotor is regulated by a valve connected with the gyro (more '
specifically, with the outer ring of the gyro suspension). When the valve is in its:

central position, the air supply to the servomotor is interrupted, and the rudder is

i

—\—gyro-rotor-is -shown-schemat ically;-the-gimbals-are not-shown at B B




o ‘ ) ...\Jflio't‘ic;nlass. As soon as the gyroscope is displaced with };es;iect‘ to the body oi" the
" il

" torpedo and turns, let us say, to the right, it will produce a displacement of the
l b

A

“Tivalve and open the air intake of the servomotor. This deflects the rudder, also
1 i

‘;Sroducing a rotation of the moving torpedo to the right. At an opposite rotation of

lthe gyro from its central position, in exactly the same way, a rotation of the rud-

a
!

-,‘Eder in the opposite direction is produced.

P

B

i
! Thus, any deviation of the torpedo from the set course will automatically actuaté

i

,uthe directional rudder, causing the torpedo to turn in the opposite direction and ‘
‘ ,;t.hereby correcting the deviation of the torpedo from the set course. However, this
) is not all: Any deviation from the course to the left is followed by a deviation ofé
‘.—Tthe course to the right, accompanied by & new deviation to the left, and so on. ‘I'he‘
. Iipath of the moving torpedo is not a strictly straight line but ha:z instead the shape’
M,of a slightly sinuous line; this produces the phenomenon known as yawing of the
‘ ‘f.vtorpedoi
In the mechanism described here, the source of energy necessary for turning the
directional rudder is compressed air from the air chamber. When supplied to the
‘sex'vomotor the compressed air actuates it and causes deflection of the rudder. The

. —function of the gyroscopic direction-keeping mechanism is to sense any deviation of

_.the torpedo from the set course and automatically tripping the servomotor at the pro-

—per moment. This device automatically gives control of the correct course of the
h_~--»§.orpedo according to the principle of remote control; here the two main functions of

--an automatic control are realized: 1) to sense any deviation of the given object

g #rom its proper course; and 2) to supply the necessary energy to actuate those parts'
th_] ;

—+f the machine (the directional rudder) which will correct the existing deviation;

48—

~these functions are exerted by two different instruzents, the gyroscopic direction—

keeping mechaniem and the servomotor.

A design is likewise conceivable in which these two functions are combined in a

ingle unit. This corresponds to the principle of direct contral. Here one and the |
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imultaneously supplies the required enargy‘t.o correct these deviations...

After invention of the self—propelled;torpedo, attempts in this direction were

. mediateh made. One of these is repres:‘;nted by the gyroscopic st;ééring de;liée of

A,\,:t.he Howell torpedo. In this apparatus, the rotor of the gyroscope was suspended
1o ;

J within the torpedo, but not in a Cardanic suspension; instead, the axis of the ro-

.stor was placed in bearings rigidly attached to the body of the torpedo, so that the

gyroscope had only one degree of freedom with respect to the body of the torpedo,

corresponding to its own proper rotation; the axis of rotation of the gyroscope

4

|

|

!
z

Fig.37
--was directed, not along the lonzitudinal « e torpedo (as in tae Ubry device),

_~but along the transverse horizontal axis (Fig.37). If it is borne in mind that the

) o the pitching of the to~pedo on its course), and about the transverse horizontal ;
;;ijhns (rolling of the torpedo), and if these two degrees of freedom are added to the g
ngegree of freedoxm corresponding to the pro?er rotation of the gyrosccpe, then it

g ::taust be concluded that the Howell torpedo control unit cpnst.it.utes a gyroscope pos-

5 [‘aeuing three degreas of freedom. In orde’;"t@ understand the principle of operation

56
58

“pf this grroscope, let us imagine that any horizontal force H (e.g., the impact of
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ate from its set course (Fig.37). This
~wa‘imtt:.si H, tending to turn the body of the forpedo about the vertical axis generates,
“lat the bearing A and B of the torpedo axis, the horizontal forces F and Fl acting on

" |the ends of the gyro axis AB and tending fo rotate this axis about the vertical ax-

s xc, We already know how to find the resultant of the forces F and Fy applied to

T‘vthe gyro axis; we recall the rule of prece:ssion in Section 6. According to this

— I
_irule, the direction of displacement of points A and B is found by rotating the di-

_rection of the forces F and Fl through 90% about the axis AB in the sense of rota-

.tion of the gyro rotor (in Fig.37, we assume that the rotor rotates clockwise). We

i

‘conclude that, under the action of the forces F and F., the A end of the gyro axis

:is lowered while the B end is raised; at éhe same time, the entire body of the tor-

_pedo is rotated about its longitudinal axis zz (Fig.37). In this way the Howsll

) m:signs of the Howell control instrument included parts designed to eliminate any pos-

A.-,;sible rolling of the torpedo.

Without going into further detail, we note that the idea of the direct-acting

- ; |
—.gyroscopic direction-keeping mechanism on which the design of the Howell torpedo was|

~4rol Obry mechanism. In this latter desizn, the function of the syroscope ir merely
).

n’";“ indicate the deviation of the torpedo from the set course, while the actual work

-

“—~iof correcting the deviations is performed ‘by a different source of energy. It is

onl& natural that, in such a design, the éymacope should be subject to milder oper—
ating conditions than in the liowell desigr{. This constitutes the advantage of the

—Cbry sbtesring device, !
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" iSection 15. dyro Indicator of Longituding® Tilt of &m Adrcraft and of Deviations |
From its Course® - ;
Use of gyroscopes is particularly widéspread in modern aircreft instrmments, i
,,,(I-!cst of the instruments that make "blind" flying of aircraft possible; i.e., flig.k;'.cw;
'n_j‘in absence of visible groind marks (darkness of night or clouds), are based on the j
‘ Mvapplication of the gyroscope. 4 few applications of the astatic gyroscope in instru;
. ments for blind flying will be discussed below. ' {
Uncer conditions of instrument flying, when the pilot has no opportunity to judg;
. the position of the aircraft by observing ground marks, he needs an instrument to
provide indications of every deviation of the aircraft from correct rectilinear
L light in the assigned direction; in other words, he needs an instrument that «ill
) immediastely warn hinm of any deviation of the aircraft from the set course, or of any
deviation from the horizontal direction of flight (going into a dive or ciimbing), so
that the pilot, by manipulating the control surfaces, is in & position to rectify the
flizht of the aircraft. It is easy to construct the scheme of such an instrument, v
using the properties of the astatic gyro with three degrees of freedom.

Let ue imagine that the instrument panel in the cabin in front of the pilot in-
cludes an instrument with a box-shaped body, containing an astatic gyro in Cardanic
suspension, with three degrees of freecom (Fig.38). The axis of rotation of the out-
7 ’er ring a lies in bearings rigidly attached to the body of the instrument and direct-
- ed horizontally, transverse to the body of the aircraft; the axis of rotation yy of

struzent, iz 2irec vertically; the axis

‘;;f rotation zz of the gyro rotor P, in the normal position of the instrument, is di-:

v;-‘—-‘irected horizontally along the longitudinal axis of the aircraft. :
— The inner ring b, on the extension of the gyro axis, is rigidly connected with

the white disk c. The well of the instrument, facing the pilot (in Fig.38, the right

* Translator's note: In U,S. terminology, a turn-and-bank indicator.
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.

. _wall) is covered with a glass plate on which the circle d is bl‘ackeziéd; 'cvov\er'i'.hgmtg;’
’ m‘yghit_e disk c¢. The rotor of the uyro is placed in rapid rotation.

If the aircraft is in rectilinear horizontal flight ir the assigned direction,

! Dinctim . R
of flight

A e —————————

Longitudinal axis
of aircraft

/

Fig.38
then the white disk ¢ is covered by the black circle 4, and is not seen by the pilet.

let us assume that the airplane deviates from a horizontal flight; assume that it

Dire,

of £Stion

Long it yg; /
ud.
°F 2 ir:::}tlxil
C —

—_—

C—

é

d

Fig.3%

_,vated above its tail. Our instrument, rigzidly attached to the body of the aircmrt,l

ré“uidll likewise loose its horizontal position (Fig.39), while the gyroscope in the in-t
20 ! [ U P R . - . e e bt s i e s 32 s imm s
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.,’st.i-ument, stubly maintains the original direction of its axis, and still remains ho;-§
'izontal. It will be swen from Fig.39 that now the black circle on the glass of the
_instrument no longer completely covers the white i
,>inabrument, part of the white disk appears as having emerged from benéu'th the
_ecircle d and moved on the glass plate of the instrument (Fig.40)., If the aircraft
Hgoes into & "dive", the instrument will indicate this by the fact that the white
.disk emerges from the black circle on the lower side. It is eusy to imagine that
in the stme way, the instrument will detect ary deviation of the aircraft from the
. assigned direction of flight. 4t a deviation from the assined direction toward the

right, the white disk will appear from heneath the black circle to the right; its

Fig.40 Fig.4l

‘appearance to the left of the black disk indicates a leftward deviation of the air—

- craft from the set course. By observing the instrument, the pilot is thus able to

check the accuracy of flight. For example, if he sees that the white disk appears

+
©

> aid Uelow, ihe olack circle (Fig.4l), he will know that the air-

B icraft is deviating to the right of the set course and has gone into a dive., By ma- '

nipulating the rudders the pllot can correct the position of the aircraft, even withi

“Y~-out ground view.

The gyroscopic turn-and-bank of the above type was designed by the British de- |
Jmtwmmnts;‘ﬂrm‘"(mbl;‘r) e "1
|

!

!

54

e
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I Another instrument based on the same i,d@a is widely used in aviation under the

_led velow,
Naturally, it is readily possible to keep an aircraft on its course in the ab-

;z:_sence of visible landmarks by means of an ordinary magnetic cempass, However, oper-

]4_:&tion of the magnetic compass on board an ‘aircraft is very difficult, because of the
16 :;constant fluctuations in the position of the instrument under flying conditions. 4
xg:jznore stable directional indicator for aircraft, by which the course can be determin-
‘20:,;ed, is required., It is natural enough to think of using a rapidly rotating astatie

]
2v_lggre with three degrees of freedom, possessing a high degree of stability, as sucha
i

24{_course indicator.,
6 Let us assume an aircraft to be in horizontal rectilinear flight in the assigned

74.-direction AB, which is called the course of the aircraft (Fig.42a). To avoid com~

plicating the matter we assume that the flight is made in windless weather (there is

’ ho difficulty in allowing for the influence of the wind), and mark the dirsction of
"v“»rit.he meridan SN (S,south; N,north). The angle Y between the directions SN and iB is]
3ﬁjltemed the course angle or heading of the aircraft; this angle is measured from north
«""f;:lf.o east (so that, e.g., a course angle of 45° corresponds to a direction of flight ‘
“’:-—!.’,oward northeast, while a course angle of 270% corresponds co a flight toward west).]‘
fti‘:ﬁme pilot's task is to maintain the prescribed heading.

|

'—~: we iow assume that the pilot's cabin contains a rapidly rotating astatic gyro in

46:?ardanic suspension with three degrees of fr-adm, of the design indicated in Fig.z;
- . s .

43jbe axis of rotation in the ocuter ring of ‘jhhe gvro is set vertically (the outer ring

1
{

50—4s not shown in Fig.42). If we set the ax::h of the gyro rotor horizontally in the

i ﬁm::_phto;fv'a_.npf.e':‘ In | torn T+ n’gfro COMpaSsS, -
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direction of the meridan SN, the anglé bq:tween the rotor axis and Ehé'miaﬂéfiddiﬁi‘

| axis of the aircraft will give the headin:g e

We already know that a rapidly rotabfing astatic gyro with thres degrees of free-

dom has the property of stébly miﬁta{nir}:g a constant direction of its axis in sp;c'?.

If the earth did not rotate, the axis of such & gyro would also maintain its const,z*

direction with respect to the ground. Let us disregard the earth's rotation, for

”, ’
L, /

3

~

Fig. 42
. the time being. If there were no diurnal rotation of the ecarth, the axis of our
. gyroscope, once set in motion, would remain directed along the meridan without darge,

and any variation in the heading of the aircraft would result in the same variation
! of the angles between the ryro ‘avis and the lengitudinal axis of the alrcraft. Leb
: us assume that the aircraft déviates from its course and the heading varies by the
: quantity (Fig. 42b). This would 1'.:.-medi;ately be detectable from the correspondingi
' varialic: in the angie beiween the gyro a;::iu and the longitudinal axis of the air- ‘
craft. The pilot must deflect the ruddef and return this angle between the axes of
of the aircraft to its original valte y. In this way the pilot could maintain the
54. MMuwor a magnetic compass. . t
] This would be the situation if the earth did not rotats. Let.us now define the




complication introduced by the diurnal rotation of the eurth in the operation of the

" | instrunent.
4 ) H
1; To take the simplest case, let us put ourselves into the position of the crew of

" |the airplsnes that left I.D.Papanin and his companions at the North Pole. it the

i
i
|
|
i
i
i
i

North Fole all meridians converge in a single point Fig.;3); all of them rotste to-

10

gether with the earth about the axt

is of rotetion of the earth, which

passes ‘through the Worth and South’
Poles; they rotate from rizht to
left (counterclockwise), making
one revolution ner day. During the
period of one hour, each meridian
rotates by 2%33 = 15°, If the ax=
is of a gyroscope, installed on an
aireraft flying near the liorth
Fig.43 Pole, is to maintain the position

of the meridian without change, the gyro must be so arranged that the gyro axis no

. longer maintains a stable direction in space but rotates uniformly in a horizontal
plane from right to left, rotating by 15° during the course of each hour.
‘ i be done, since the phenomenon of urecession ol the
yro, with which we are familiar, is involved here. To induce a precession of the

igyro in the horizontal plane, it is sufficient to apply an appropriate vertical
-

~.;fox~ce to the gyro axis. Let us attach a counterpoise weighing p grams to the inner -

-

-j:‘ing, along the extension of the rotor axis and precisely at that end of the rotor
48—

. axis frow wiuich the proper rotation of the rotor appears to be counterciockwise. Ac~
501

—cording Lo the above-described rule of precession (cf. Section 6), it is easily found
5% :

that, under the action of the force p, the gyro will precess in a horizontal plane, E
V PR S S U - |

rotating eount.erélockwise, i.e., from right to left, about a vertical axis,

b
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_{The’ anaular velocity of precescion i3 expraaaed by eq.(a)

1 BB
17 Jw
Iwhere J is the moment of inertia of the mtor, w the angular velocity of its prop=

. .L. - —
,.,Jer rotatlon, and a the distance bet.ween tl;e point of applicatlon of ‘the f.‘urce p end
the point of intersection of the Garddnic axes. The instrument provides means for

~ivarying the value of a. Ubviously, the value of a can be so selected that the angu-

lar velocity of precession of the gyro will have the value we require, corresponding

(—

- Fig.4d

to the rotation of the gyro axis through 15° during the course of one hour. This op=

ewstion comshitutes the = ment ~f the
iie have considered the operation of the instrument in the region of the North
ole., On the whole, the situation is the same at other latitudes, with the single

idifference that, in the middle latitudes, the plane of the horizon rotates about tha%
{
| rertical and turns, during one hour, not through 15° but through a smaller angle¥.

' i

3 This ques‘bion will be discussed furbher in Section 22. There it will be demon-

__ot.rated that, at all points of the earth's surface except the poles, the plane of th%
uwm.mw&h&vemc&l _bub also about. the.meridian... -Thia fach)

114 partly responsible for the ph " Af the rising.and setbing of. neavenly bodisd,
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lFor example, at the latitude of Leningrad, the plene of the horizon rotates through
’anmxima}tely 13° per hour. Of courss, tkfe instrument must be so adjusted to this.

‘angular velocity of precession that, at the latitude of Leningra.d, the axis of the

i

M‘gyro maintains the direct.ion of the merldmn without change.

Tnis is the principle of action of the gyroscopic course indicator, also known

|
‘as gyroscopic semi-compass. Qbviously, this instrument is not & compass in the full

‘;,;sense of the word. It cannot completely replace the conventional magnetic compass.

V‘The Zyro axis in this instrument does not possess the power of aligning itself auto-
_matically along the meridian ss does the magnetic needle of a regular compass., In-

1tervenbio by the observer is required to align the gyro axis with the meridian. An

- important property of the instrument is thdt it possesses the power of maintaining

—fthe direction of the meridian with great stability, once it is set. In this lies

~its immense superiority to the ordinary compass.

Section 17. Design Features and Operation Details of the Gyroscopic Semi-Compass

Having discussed the operating principle of the gyroscopic semi-compass, let us

now give & few details of its design and operation.

The instrument is mounted in & hermetically sealed body (box) which is attached v

The ax~

4o the instrument panel in front of the pilot's seat in the aircraft cabin,

—is of rotation of the outer ring of the gyro is arranged vertically (both rings in

- ‘nur instrument are constructed in the form of rectangular frames which,of course,

3
, ‘—«43 not a point of substantial importance) The pilot follows the apparent displace—'
ﬂnents of the instrument in the horizontal plane by observing, through a window in thp

i
t

i 3«&11 of the body, the displacement of & horizontal graduated circle attached to the :

11 of the inetrument body

—loutor ring of the instrument (the outer rrama\
the glass of the window) is provided with a so-called course mark, which corrssponds

"f.o the direction of the longit.udiml axis ot the aircraft. The ‘division of the gred)

uated circle directly opposite the course mark gives the heading of the aircraft.
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T Figure 45 gives an external view of the instrument from the side facing the pilot:

{ a is a round window; the field b beyond the window is covered by an. opague mask witl

Y
i

T} a rectangular opening through which part of the graduated circle can be seen; and
o i

cc is the coursc mark. ' |
For correct operation of the instrumens it is very importunt that & constant ro-
tational speed of the gyro rotor be main-:

. tained for a long time. In the instru-

ment we are describing this is done in the:

following way:
The air is continuously aspirated from
the body of the instrument by means of a

Venturi tube, thus producing a pressure

differential within and without the body.

Under the action of this pressure differ-
ence, the outerair is drawn into the body
Fig.45 of the instrument through &n opening in
the bottom of the tody, @nd a jet of air enters the channel a (Fig.46) cut into the
_step bearing the outer ring b (outer frame). From there, the air jet enters the

" nozzle c,vhichis rigidly connected with the outer frame b. Tne rim of the rotor d,

.7 air jJet impinges with great force on these slots on issuing from the nozzle c; this

ensures uniform rotation of the gyro rotor. The air pressure in the bocy is broughﬁ

_”ito 90 mm Hg; in this case the gyro rotor runs at about 12,000 rpm. The direction uf
.- jair circulation within the casing is indicated in Fig.46 by arrows. !
- j
«u,:\,»: inere is sLiil «hother inverestving design feature of the instrument, by means of

waich the gyro axis is automatically returned to a horizontal position (or more ex-;
{
aotly. into a position. perpendicular ta the axis of rotation of the outer- fﬁu)»,————i

i
]
R |
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"if for any reason it leaves that position¥,

The rim of the rotor is provided with: two ridges for directing the. air Jet is-

" suing from the nozzle a which, in turn, is attached to the outer frame b (Fig.47). |

(—

To the venturi
tube

—

=

Fig.46

let us imagine that, for any reason, the axis of the rotor AB hes left the horizon-

tal position; let us assume that the end & of the axis is lowered and the end B is

raised (Fig.48). low the air jet will strike not only the slots of the rotor bub

% Je remark that the axis of an ideal free gyroscope with three degrees of freedom
always has a tendency to leave the plune of the horizon. We recall (Section 11)
that the axis of such a gyro possesses the property of maintaining & constent di-

rection in space, i.e., a constent direction relative to any star and, consequent—

ly, has a tendency while following that star. to rise above the plane of the ho-
rizon in the eastern half of the sky and to descend toward the horizon in the

*  western half of the sky. This is due to the rotation of the plane of the hm-iz::qE
54 .%,wmtm.uriwaina,mﬁonad,mra previous footnote and- to be-dissussed-in- )

56| __more detail in Section22,... . - : e e
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» o

;also against right-hand ridge; the pressure cf the Jet wili yield‘ notonly &‘z‘:om;;:i}
M.'nent directed ulong the tangent to the rim of the rotor, impirting to it a rot.azionj
", ?about. the axis AB, but also a component perpendicular to the ridge. This component :

1tends to rotate the entire instrument about the vertical axis of rot;tioﬁ ‘zz of the '

.outer frame (counterclockwise). The pressure component of the Jjet, normal to the
i

. Fig.i8

“-»;:ridge, is transmitted to the axis AB of the rotor, and may be replaced by a force

Bquivalent to it (which we shall term F), applied at any point of the axis AB (e.g.,f

et

*!~Bt the point B) and directed horizontally and normal ts ihe axis ib. We Know that |

“—such a horizontal force must lead to a precession of the gyro axis in the vertical

)

°““iplane. By applying the known rule of precession to the force F and allowing for the
54 T pensE oL Totut1on 6 the Fotor wbout the ails ‘KB, "imparted to it by the air Jet (ERI4
56;-Mhdioatod4n-ﬂganw-n¢&&by~amu), it is easy to demonstrate-that-the—
50
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{precession of the rotor axis due to the pressure of the air jet on the right-hand

iridge will lower the B end and raise the A end of this axis, i.e., will return it to|
s |
""\the horizontal position.

;

i In this way, the automatic restoration of the rotor axis to the plane of the ho~
rizon is ensured. lhen the rotor axis deflects from this plane in the opposite di-
) ‘rection, this deviation will in turn be counteracted by the pressure of the air jet

_.on the left-hand ridge.

An ideally constructed. and perfectly regulated instrument of this design could
_ maintain its meridional direction, once given, for an indefinite period. However,
Vjthe imperfections of the actual construction limit the period of accurate operation
4 ;"of the instrument. After a certain length of time, usually 15~20 min, the instru- :
ment deviates markedly from the direction of the meridian which was originally as-
‘signed to it, and then must be manually reset to the meridian, by comparing its read{-
.ings with the readings of a conventional magnetic compass. The instrument is consid-
ered in satisfactory operating order if this ceviation does not exceed 3° after 15
min.
4ccording to I.T.Spirin, former navigator of the leader aircraft of the expedi-

-tion that left the I.D.Papanin group at the iorth Pole, the gyroscopic semi-compass

- is an irreplacable instrument for flights in the Arctic (Bibl,2). In the region of .

--the Pole, where magnetic compasses are useless, the navigator has only the gyroscopic

- .semi-compass at his disposition; its readings can be checked by astronomic and radio-

—-ings can be used for a considerably longer period than indicated above (Bibl.3).
ool The gyroscopic semi-compass of the above design was first constructed by the
A'U:—fkamous American gyro instrument firm of Sperry; at present » it is widely used in uss'ﬁ
aviation. There are also other designs of the gyroscopic semi-compass, in which the

pstatic gyro with three degrees of freedom is also used as turn indicator.

The German Anschuets gyro compass differs from the above-described instrument in|
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‘ ;i that the rotation of the gyro rotor is préduced by meéhs of elect;ié.A;;ower instead
5 i
of by the pressure of an air jet. The gyro rotor is built like the rotor.of an elec!

tric motor; the axis of the stator of this electric motor is mounted directly to the)
1

'

Einn'erﬁring of the instrument; the gyro rotor freely mtateé about this axis, The

_3 rotor in this instrument makes about 20,000 rzm. The instrument has no device for
|
-1

. automatically aligning the gyro axis with the plane of the horizon. The accuracy off
_ its readings is ahout the same as that of the Sperry type gyro compass.

The gyro compass of the British builder of svroscopic instruments, Brown, is
+

considerably more accurate {BEibl.4). The high precision of this instrument is ex~

plained primarily by the replacement of conventional ball bezrings with greatly im-

proved bearings of special design. The gsrro axis is automaticzlly brought into the
'iplane of the horizon, in this instrument, by an original device based on the reac- ‘

‘ -tion of an air jet produced by the rapid rotation of the gyro rotor, acting like 2
’ rapldly rotating fan. The instrument was manufactured by Brewn in two models: the °

. lighter type for aircraft and the heavier for operation on & ship, in the fire-con-

trol system of naval ertillery.

-~ Section 18. Aircraft Turn Indicator

SRS

The gyro compass allows the pilot to determine the course of the aircraft at any
V‘L;instant: by following the readings of the gyro comrass for a certiin length of time.
:jhe is able to determine whether the aircraft is flying in a straight line or is de- |
‘»viating from this straight line in any direction, to one side or the other. There
~ids another instrument used in aviation practice which directly measures the angular
.velocity with which an aircraft is turning., One glance at this instrument is suffi-
edent far the pilot to dstermin der canditisne of tlind flying. itether

eraft is flying in a straight line or not; and not only this, but the instrument di-

““rectly gives the rate of turn of the aircﬁatt, if it is flying along the arc of a

curved line. This instrument is also based on using the properties of a rapidly

i
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-
!

f&ééﬁﬁg gyro and is known as gymécépic 't.um indicator.

. In our censiderations of the technicai applications of the gyroscepe, up.to.now,
|

| i
{we have been speaking of a gyro with threle degrees of freedom; its fundamental prop-|
i

'erty, namely the stability imparted to it by repid rotation, was the basis for the

" instruments we have thus far comsidsred. In the turn indicator, however; we meet a
technical application of the gyroscope with two degrees of freedem. This instru-

“,, ment utilizes the remarkable property of a gyroscope with two degrees of freedom

" which tecomes manifest when it is placed on a rotating base,

In Section 12 we considered the question of the bghavior of a gyro with two

irsction of
ight
—

[t g
/' T Longitudinal axis
// of .aircraft

-grees of freedom when placed on a rotating base. We saw there that the behavior of :
‘ w;such a gyro is deteminea by the rule which we termed Foucault's rule and which
ﬂ:’statea that the axis of a gyro with two degrees of freedom, placed on a rotating
base, tends to corresponding parallelism with the axis of rotation of the base. We ’

recall here that two parallel axes of rota.iion are, by convention, termed corre- !
* i

1 {
srondingly parallel in the case when the rotstion about these axes is in one and the'

same sense. :
52

5 Let us now imagine that a rapidly rotating gyro with two degrees of freedom is
e e e

' finstalled in the pilot's cabin (Pig.49), The axis of rotation of the rotor of the

5

260
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1 xx axis, whose bearings are rigidly connefct.ed with the body of the instrument and,-.
| |
" consequently, with the aircraft. This xc axis runs horizontally along the longitu-

' dinal axis of the aircraft; the axis of rotation of the gyro rotéi‘, in the normal
position of the instrument, is likewise directed horizontally, but perpendicular to
|
' the longitudinal axis of the aircraft. To the xx axis of the frame a the indicator

" .bis rigidly attached which, in the normal position of the instrument, points in a

vertical direction; this indicator is connected with the helical spring c whose oth-

er end is attached, at the point B, to the body of the instrument. It is obvious

23

e - = —toy

-that, in this case, the gyre has tw i of freedem, ome of vhich covresyonds o'

‘2..'the proper rotation of the rotor and the other to the rotation of the frame a about
i._ithe xx axis. The proper rotation of the rotor is maintained in this instrument by

means of an air jet, on the same principle as that used in the gyro compass.

Let us assume that the aircraft makes a turn to the left; for simplicity, we i
su--also assume bhat chis turn is accomplisiied without tenking {in reulity overy corroct

~

2iturn of an aireraft is accompanied by a bank; in a turn to the left, the left wing i
54 ~int geg-and-the-right-wing—dips): - Gnder-these-conditioms; the ircrsft 1s o™ 1ongsE

56 —in-pure-translational-motion; since it quires: eimuit 1y & rotery mobion-

58 l

o B
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:the horizontal plane, i.e., about a vertical axis. The angular véiécihy of this

‘ rotary motion of the aircruft is higher the sharper the turn made by the aircraft..

Our gyro, inst:lled on the aircraft, is in the position of & gyro placed on a
th propéi'tieé discvuss;c‘;v_
" in Section 12, which we have just recalled, must be manifested. According to Fou- }

" cault's rule, the axis of rotaticn of a gyro rotor must show i tenaency to corre-

sponding narallelism with the vertical axis of rotation yy of the inrtrument base ‘

(i.e., the aircraft itself); (Fig.50).
Let us assume that the proper rctation of the gvro rotor is counterclockwise if

viewed from the A end of its axis, as shown by the curved arrow in Fig.49. The ro-

_tation of the aircraft about the vertical axis yy, when it makes a left turn, like- *

. ‘wise appears to be counterclockwise, if the sirplane is viewed from above. accord-
ing to Foucault's rule, the axis of the gyro rotor will tend to coincide with the
vertical axis yv of rotation of the aircraft, Consequently, the axis of rotation of
the gyro will turn, together with the frame a, about the xx &xis in its effort to
coincide with the vertical axis yy, and this rotation of the rotor axis will take
place in a sense such that when it is completed,after coincidence of the rotor axis
with the vertical axis yy,the proper rotation of the rotor will agree in sense with

the rotation of the aircraft (i.e., will be counterclockwise if viewed from above).

- This means that the rotor axis will rise at its A end =und will drop at its opposite :
7 end (Fig.50).
However, when the frame a rotates about “he xx axis, the pointer b, connected
with the frame 2, «ill rotate about Liie same axis through tne same angle. The point.jL
5 i

ter b will now exert traction on the helical spring comnecting it with the fixed i
45 |
SO*“; point B. To this tension the helical spring will oppose resistance; for this reason,
50

the rotor axis will be unable to turn together with the frame a through a full 90°,
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L of the helical spring will be in equilibrium with the force tending to rotate the

N ,‘: axis of the rotor to its coincidence with the vertical axis yy. -

The sharper the turn made by the aircraft, the higher will be the angular veloc-

. ity of its turn and the greater will be the force tending to bring the rotor axis of

the gyroscope closer to the vertical axis of rotation of the aircraft yy; Consequent

. ly, the greater will be the angle ¢ through which the frame « is rotated together |

" .with the pointer b. : '

The instrument is nlaced in the pilot's cabin on the instrument panel befcre him.

When looking at the .mstnunent in the direction of flight, the pilot (if the air- ‘
craft is turning to the left) will see the pointer b deviate from its normal verti-

) cal position toward the left through the ;.ngle ¢ (Fig.50), which angle will be
larger, the greater the angular velocity of the turn, In rectilinear flight, the
pointer b remains in its neutral vertical position. It is easy to demenstrate that,
during a right turn of the aircraft, the pointer will deviate from its neutral posi-
tion toward the right.

Thus, the turn indicator makes it possible for the pilot to deteruine, under in-
strument flying conditions, whether the aircraft is flying in o streight line or is
turning in some directicn or other, The sense of deflection of the pointer b from

:“its neutral position indicates the sense of the aircraft turn; the magnitude of this

~-deviation permits estimating the magnitude of the angular velocity of turn by the

) 5; -aircraft.
. To avoid complicating the discussion, we have assumed that the turn of the air-
craft takes place without a banking. A bank which, in reality, always accompanies a!
o f.urn of the aircraft, introduces no substantial modifications in the operating con-
S{)?é!t"rms nf the turn indicator. i
1.

€9

— :
“‘:ﬁ&ection 19. The Gyroscope Monorail Car

54

The first years of the Tweniieth Century were an era when various technical &

B

56

Iy

b2

g

58 :
1 , T
60, —

|
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plicéﬁions of the gyro first became widespread and won geﬁeml Vrecdgﬁit;ion. In
|

i.these years, for the first time, a gyro cbmpass suitable for shipboard use was de- .

then has taken firm hold in the navi the entire world.
,j"In' these same years, inventive thought ce{ntered on using the gyroscopé for stabili-
’ w:. zation purposes.

"

The term gyroscopic stabilizers means devices having a double function. Used in

) i systems which are inherently stable but are free to oscillate about their equilib- ‘

rium positions, stabilizers have the function of damping the cscillations excited i!i
the system by some factor. Here the gyro stabilizer appears in the role of an osciJ;-
" lation damper of the system. Such a stabilizer may also be used in a system which

.,.7. is not inherently stable. In such a case, the gyro stabilizer has the function of

) imparting stability to a system which in itself is unstable. The simplest example
of such a case of gyroscopic stabilizatiom is the simple top which is inherently un~
stable and only becomes stable in rapid rotation. In the present Section, this case
of gyroscopic stabilization will be discussed in more detzil. ’

At the beginning of the Twentieth Century attempts were mide in various coun-

tries to design a monorail gyro-stabilized railroad. Up to that time, the bicycle

-~ had found wide use everywhere as an extremely convenient and economical means of

- transportation. The ticycle, invented in the Nineteenth Century, is per se unstable;

-+it is artificially stabilized during a sufficiently rapid motion. It is well known

- .to everyone that, with a certain amount of practice, the riding of a bicycle in-

_gvolves no particular difficulty; in motion, even at moderate speed, the stability of
i

-ithe bicycle remains entirely adequate.

How can this, at first glance surprising, stability of the bicycle when con-
trolled by a sufficiently skilled rider, be explained? Does this case constitute

an example of gyroscopic stabilization? That is, 1s it a questionof 'stability im-

perted by rapidiy rot.éting massss, in this particular case,by the two rapidly ro- ;

tating whesls of the bicycle? This question must be answered in tho negative. e J

s
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_'do not have to do with the stabilizing action of the rotating whesls of tiqe bicycle.?
‘, |
.i.Those of our readers who ure .ble to ridea bicycle are well aware that the stahil—.i
‘ity of the bicycle is msintained by the rider by means of slight motions of the

_handlebars, When the rider notices that the bicycle is beginning ‘to deviate to the |

iw right, he immediately turns the handlebars slightly to the right and thereby forces !

the bicycle to move not along a straight line but along a curved one, whose center :
T of curvature is on the rizat. The motion:of the bicycle along the curved line in-
stantly causes the appearcnce of a centrifugal force directed from the center of
v _ curvature, i.e., from right to left; this force, directed toward the left, is what

L then corrects the position of the bicycle that had begun to deviate to the right.

On the other hand, when the bicycle deviates to the left, it is sufficient to turn
7 the handlebar slizhtly to the left in order to cause an instant generation of a
centrifugal force directed to the right, which then corrects the position of the
“ibicycle. In this way the bicycle moves, not strictly along a straight line but a-
long a siightly sinuous line, deviating from 2 rectilinear ,nt.h now to the right
and now to the lefit. with a little practice, the turns of the handlebar necessary
Vfor maintaining stability are executed by the rider instinctively and automatically

-without participation of his conscious will. It is in acquiring the automatic habit

- of these motions that the mastery of the art of bicycle-riding consists®.

Of course, this principle of stabilization of a bicycle cannot be employed to

T impart stability to the car of a ronorail railroad. The rail on ~hich such a cer

xeaders acquainted witk the principle of theoretical mechaaics, of course, bte-

ware of the fact that this explanation of the stability of a bicycle (first given
by Rankine) is based on the amethnod of kineto-statics® known in mechanics, which
reduces the problem of motion of any system to the problea of its equilibrimm by ;

introduction of so-called forces pf iﬁer;ia, to which qentrifu@l force also
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‘rolls fixes the path of the car in advance and deprives the car of the t‘reedom 1n )f
i i
any way to make any deviations whatever from its path; yet the possibility of such- |
jdeviauons is substantially necessary, as'we have seen, for dppacatlon of the prin-

vciple on which a b:.cycle is st.abilizad.

However, it should be possible to stabilize a monorail car by a parely gyro- !
scopic method, namely by installing a rapidly rotating and powerful gyroscope in the!
) —:car. First, it must be determined whether this object can be reached by fixing the

TN

L
—
N

Fig.5 Fig.52
0 %xis of rotation of a rapidiy rotating and powerful rotor in a constant position
~_tfuith respect to the body of the car, €.8., as shown in Pig,51. The reader who has
*'Sfxttentively followed our discussions in Chapter 1 will doubt this. The gyroscope
"'(‘--]clepicted in Fig.51 has only two degrees of freedom (corresponding to its proper rota-
—%ion and its rotation together with the car body about the rail axis), while the
[presence of three degrees of freedom is nécessary for stability of the gyroscope.

hNo matter how rapidly the rotor rotates ) wif.h an arrangement corresponding to that

i
i
i
1.
i
t
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In order to render the car stablb, the set-up df ﬁhe stébilizer' mist be |

1

: ‘m:_i_moditied by giving the gyroscope its misa;‘l.ng third degree of freedom.  Let us assume

2

rh the axis of the rotor to be attached in tﬁ'le frame a, which itself is free to rotats
. i

; . about the axis BC, located transversely ih the car bod& (Fig.sz).v Here the gyro-

scope already has three degrees of freedom (corresponding to its own proper rotation
e
rotation together with the frame A about the axis BC, and rotation together with the

" ear body about the rail axis). . 1

It is easy to see that the scheme shown in Fig.52 is sufficiently close to the

scheme of the gyroscope in Cardanic suspension with three degrees of freedom; the

frame 4 here plays the role of the inner ring of the suspension, while the car body ,

i

plays the role of the outer ring, Of coui-se, it is impossible to spezk here of an ;

’ astatic gyro or to apply to the scheme of Fig,52 the reasoning as o the stability
o of the gyro discussed in Section 7.

Let us assume that the car of a monorail railroad is equipped with a gyroscope
of the type shown in Fig.52 and that, in the normal position of the car, the axis of
the gyro rotor is directed vertically. Let us assume that the car is not in trans-
latory motion along the rail ©but that the rotor is maintained in « state of rapid

- “rotation (e.g., clockwise, if viewed from above, as shown in Fig.52). Let us now

assume that the car begins to tilt to the right, threatening to lose its equilibrium

: :_and tip over to the right. How can the gyroscope keep the car from falling?
It will be demonstrated below that the gyro performs this function if ve are
5,{: .iable, in some way or other, to impart to its frame A a sharp rotary motion about the
“"_»-ztransverse axis BC, in a counterclockwise sense if viewed from the right (Fig.53).

; !
Now let us analyze what forces will act in this case,on the car body, exerted by the

i
H

gyro frame.
The rotation of the frame A4 about the axis BC corresponds to the precessional

rotation of the gyro axis about the axis ﬁc. Any precessional rotation of the gyro

Tjaxts, hoever, as ws have seen in Section 5, assunss the extstence of a certain
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7 ! couple of forces applied to the gyro axis, causing the ﬁrécession of the gyro.

| These forces can be applied to the gyro axis at the point where it makes. contact..
' “lwith external bodies, i.e., the supporting bearings attached to the rame A; this ig
To determine the direction of these forceé, the rule of precession formulated in

‘ Section 6 can be used. By imparting to the frame A a rotation in the indicated send

- .. about the axis BC, the points of the gyro axis will be given a displacement normal
' to the plane of the frame; in thi.d.%
case, the upper end of the gyro :
axis will be displaced toward the
reader, and the lower end away :
from the reader; the directions of‘
these displacements are indicuted '
in Fig.53 by broken arrows. By
rotating these arrows about the
gyro axis through 90° in a direc-
tion opposite to that of the prop-

er rotation of the gyro rotor, the
Fig.53

direction of the rces applied to |

These forces are indi- °

. cated in Fig.53 by the solid arrows.

However, action equals reaction. If the ends of the gyro axis are subjected to
:‘tha above forces, exerted by the bearings supporting these axes, then forces of the 4
ame magnitude but opposite in direction must be exerted on theses bearings by the
8570 axis; in Fig.S3 Lhie forces applied Lo Lhe bearings by tie gyro wils, S.¢., the |
forces with which the gyrc axis presses on its bearings are indicated by the solid |

—double-headed arrows. Through the frame A, these forces are transmitted to the

—pearings supporting the ends of the axis BC and attached to the car body.

56 1 e [

5

6
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y forces {dencted by the symbol F}

.1y, the frame of the gyro trunsmits to the car bod

‘generated by the bearings of the axis BC and shown in Fig.33 by the solid triple- . ;

headed arrows.

These forces F form a couple tending to rotate the car vody counterclockwise ,
(from right to left) and counteracting the force of sravity, which tends to overturn!
the car from left tc right. The sharper the precessional motion imparted to the ‘
frame of the gyro A, the greater will be the forces F. If their value is sufficient:&
ly high, they will cancel the overturning action of the force of gravity on the car

and will return it to & vertical position, re-establishing its equilibrium.

Pig.54
It 1s, of courss, obvious that when the car threatens to tip toward the left, it
may likewise be kept from overturning by imparting to the gyro frame A a sharp pre-
- ‘cessional motion in the opposite direction, which would cause generation of the cou-
,_‘;ple of forces F in the opposite direction. ‘

,,f*l Such a purely gyroscopic method could assure the stability of ihe car on a mon-

|
: A-jomil railroad. ﬁl'nrerghole problem reduces down to impart to the axis of the gyro_ |

the car, at the instant of loss of equilibrium, a series of sharp precessional
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the other necessary to restore equilibrium. Of course, |
these precessional motions of the gyro frame must be entirely automatic in cperation;i.
The entire difficulty rests in the design of the corresponding automatic device. ;
.s mentioned before, at the beginning of the Twenticth Century
attracted the attention of inventors in various countries. The solutions proposed
by them differ in the design of the automatic device for effecting the necessary
orecessional motions of the gyro
frame. The first design for &
monorail gyroscopic railroad ap-
peared in England. It was invent-
ed by Brennan. [he photograph in
Fig.54 shows a small model of the
Lrennan monorail gyro-stabilized
Fig.55
car, maintaining its stable equi-
1ibrium on a stretched wire; the same car, able to carry up to 40 passengers and used
for transporting the visitors to un exposition over the fair grounds, is shown in
another photograpn in Fig.55. The Bremnan invention, how~ever, failed to s the

experimental stage and was never utilized in practice for commercial rurposes. Sim-

4
H
t
!
1
‘
|

ilar attempts in Germany and the USSR, where an experimental monorail line of a
1S £ 2

gyro-stabilized railroad from Lenigrad to Gatchina was planned at the beginning of

the 1920's, likewise ended in failure.

Section 20. Stability of a Rotating Projectile in Flight

In concluding this Chapter, an interesting application of the laws of gyroscopic

phenomena to warfare will be discussed. Since the time when spherical projectiles

—Mn rifle and artillery practice were replaced by projectiles of elongated shape, it

. “became clear that, in order to increase the accuracy of fire, such projectiles had_«

-to be given stability in flight; for this purpose, it became necessary to give them l

81
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a rapid rotation wbout their longitudinal axis. This led to the introduction of the| ;

/
;

‘ ‘rifled weapon in both infantry and artillery. The ball or projectile leaving a bar.-z :

H

rel with a helical rifling receives a rapid spin about its longitudinal axis and

e it mmm I

thereby acquires all the properties of a rapidly rotating gyro. Let us see how the \

laws of known gyroscopic phenomena are manifested in the flight of an elongated pro-i{
Jjectile.

If the rlight of a rotating projectile would take place in an airless space (or !
if the flight of the projectile would take place in the stratosphere at a heigh* of

20 km or more, where the density of the air is very low)¥, then a rotating projec-

tile, owing to its gyroscopic properties, could be compared to an astatic gyre with
three degrees of freedom. Indeed, the only force acting on the projectile during
its flight in this case would be the force of gravity which, applied at the center
of gravity of the projectile, would affect the translatory motion of the projectile,
but would exert no influence on its rotary motion about its center of gruvity; the
7 rotation of the projectile about its cenver or gravity would take place in all re~-
- spects exactly as though the center of gravity of the projectile were rigidly fixed
—~and no forces whatever were applied to the projectile. In this case, the rotating ‘

. ()"“gprcjectile would acquire the fundamental property of the astatic gyro with three

o

_|_* An artillery projectile actually rises to such an altitude in very long-range

i
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degrees of freedom, namely its poﬁer to maintain a constant direction of its axis of}

‘rotation. It is easy to show that, in this case, the direction of the longitudinal

axis of the projectile could not coincide, throughout the entire time of flight,
‘wihh‘the direction of the translatory motion of the projectile (Fig.56).

The situation is cifferent in the flight of a rotating projectile through the
air. In its motion through the atmosphere, the projectile is given the remarkable

property of always flying with its head section forward (Fig.57). This is what is °

. Fig.57
responsible for the high accuracy of fire from a rifled weapon. It now remains to
show that this property of a rotating projectile is a consequence of the resistance
of the air encountered by the projectile in its flight through the atmosphere.
Let us consider the conditions of flighnt of a projectile through the atmosphere.
To interpret the power of resistance of the air acting on a flying projectile,
let us assume abt first that the air stream flows around & projectile immovably fixed
. : in its path (wind-tunnel experiments in aerodynamics laboratories are staged in this
--way). Figure 58 shows a model of a projectile placed in an air stream. The air

- flowing around this model produces, at various points of its surface, pressures that

. iare compounded into a single resultant R which is termed the force of resistance of

Eis exactly directed against the air strveam, the direction of the resistance force R,
""mct.ly ooincidejlwwitah the direction of the air stream, i.e., with the direction of f

st Mbnbt e =
the longitudinal axis of ‘the projectile. However, if the longitudinal axis of the |

-8
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:projectile deviates somewhat from the dirgction of the air stream, 'then, ap shown

i

|

- i
'by research, the direction of the force R.likewise deviates from this direction; in :

“'this case, the line of action of the force R intersects the longitudinal axis of the|

projectile in its fron% section, i.e., in front of the center of gré\)ity of the pro-;E
jectile (Fig.58; here the center of gravity of the projectile R is denoted by c.g.).%

jThe same distribution of aerodynamic forces takes place in the flight of a projectilé
through a quiet atmosphere. {
Let us imagine that the follow-
ing experiment is staged in an
aerodynamic laboratory: » model of
an elongated projectile is pliced
in an sir stream in such a way
that the center of gravity of the
model cannot be displaced, but that
Fig.58 the model is free to rotate about
its center of gravity. We assume further that the mocel of the projectile is given
no rotary motion about its longitudinal axis. It is clear that, if the longitudinal
axis of the projectile forms a certain angle @ with the direction of the air strezm

(Fig.58), then the action of the force of air resistance will cause the model to ro-

tate about 3o pember of oriviter in the o Lhpi€S &, alld Lle o~
sition of the model relative to the angle a = 0 will be unstable.
Thus, under the action of the air resistance, the elongated body of a nrojectile

. bplaced in an «ir stream has a tendency to deviate with its longitudinal axis from
- . PFor this

DALE Foaswii, @ N0NPOLauiig slUhgabed projectile, in ius rlignt tnrough & guiet atmos-
phere, proves to be unstable in flight. Thence the tendency of such projectiles to
lovertum and somersault in f1ighit, vhich strongly reduces the accuracy of fire with,

such projectiles.

]
!
i
]
i
i
i
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Returning to our experiment in the aerodynamics laboratory, <e now ussume that
the model of the orojectile Juced in theiuir suream is given & rapid rotation abouti
its longitudinal axis, which rotation is clockwise if viewed from the tail section ’
of the model (Fig.59); ~e assume again that the longitudinal axis of tie m;del forms
a certain angle o with the direction of the &ir siream. The rupid rotation will
now impart to our model the properties of a rapidly rotating gyroscope. The action
of the air resistance R can then be found:from the known rule of ;recession.

Troceeding as in Section o, we nou resolve the force R into two components Rl

and R, of <hich the latter Is directed along the longitudinal axis of the model and

//ﬁ

L--.'.Q

[
|

|
i
1
\
\
A

is balanced by Lthe reaction of

ihile tha aamoanent R, naw couees . cmee
while the zomponent R now causes o o7

mIZco,

-cession of the longitudinal axis of the model. In order to determine the direction

g

-of this precession, let us rotate the direction of the force Rl through $0° about
‘the longitudinal axis of the model in the sense of rotetion of the model, We shall
see that the longitudinal axis of our model will "deflect" toward the observer, dis-

““placing its front end in a direction normal to the plane of the drawing in Fig.59

Wnen the force R'l acts continuously, the longitudinal axis will rotate about f.hq B “
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! direction of the alr strecum, describing a cone .ith its vertex at the immovable ce*n-{

ter of gravity of the model (Fig.59) and will preserve the angle formed with the ‘
dlrecbmn of the siream. If at the beginning of our experiment this angle was s.ua.ll

the longitudinal axis of the rotating model of the projectile will remain close to

) the direction of the streum during the entire experiment, and will rotate with a

" conical motion about this direction. We shall see that the model of the rotating

. projectile, placed in an air swream, loses its tendency to deviate with its longitu-i

dinal axis from the direction of the stream; conversely, if it is pluced with its
vertex facing the air stream, it
will then acquire the ability of
maintaining « direction close to
the direction of the stream, by
describing around it a cone with
& small angle of diversence.
Fig.60 Let us now define the behavior
of a rotating projectile in its flight through a quiet atmosphere.
In flying through u« quiescent air mecium, the relative air flow will circulate
around the projectile, moving in & direction diametrically opposite %o the motion of
the projectile, i.e., in the direction of the tangent to its trajectory. uhen the

projectile leaves the burrel of the weapon, the direction of motion of the projec—

tile, and likewise the direction of its longitudinal axis about which the rotation

AoRes place, w1l culicids wiLh bhe direction of tae axis or tne gun barrel. buring

‘the subsequent flight of the pmgectile, the direction of its motion graduslly va-

w

—direction of the countercurrent of air flowmg around the ‘aro,]ectile varies

isphera- then the longit.udinal .axis of _rotation of the projectile, as_stated above,

ries, the tangent to its trajectory gradually dr ops (Fig.60) and, consequently, the '

gradu-

—{ally. If the flight of the projectile took place in a vacuum ~ or in the strato-

“|would stably maintain its direction An spdce, i.e., would be displaced while ﬁl‘!@l‘_g

i
:
{
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‘remaining parailel to its original direction (cf. Fig.56).
: g ;

iject.ile through the air, however, the air resistance becomes effective; under its

- . : . o e . N
‘action, the rotabing projectile {as shown above) acguires the ability of stably main+

3
i
I

.taining its longitudinal axis of rotation in a direction close to the direction of

|
,ithe relative air stream or, what is the same thing, Lo the direction of motion of th:é
‘projectile. In this way, under the action of the air resistance, the rotating pro- ’
jectile will actually acquire the ability of moving always with its rose section !‘ucéf
ing forward (ef. Fig.57),thus ensuring accuracy of fire with rotating projectiles. i
The longitudinal axis of rotation of the projectile wucquires the ability, so to

speak, of "following" the direction of its motion, i.e., following the direction of .

a tangent to its trajectory.
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CHAPTER III

THE GYRO COMPASS

Section 21. Foucault's Original Concept

One of the most remarkable technical applications of the gyroscope is the gyro
compass, widely used in the navies of the entire world, The original idea of using
a gyroscope for a purely mechanical nonmagnetic compass was developed by Foucault as
long ago as 1852, We mentioned above that, toward the end of the Ninsteenth Century,
the replacement of the magnetic compass by the mechanical compass on warships became
mandatory, since proper functioning of an ordinary magnetic compass on a steel ship
is practically impossible, owing to the various perturbations of the mignetic com-
pass by the large iron masses on the ship and by the various electromignetic influ-

ences exerted on the magnetic compass by the complex electrical equipment of a war-

ship. Let us first analyze the essential nature of Foucault's original concept .
The earth is an immense magnet whose poles are located near the geographic
" poles of the earth. The magnetic field surrounding the earth acts on the ragnetic
ineedle rlaced in this field and aligns this needle witi Lie direction of tne mag-
o netic meridian. This constitutes the operating principle of a magnetic compass,
However, it is known that the earth possesses another property: It rotates with
m’a diurnal rotation about an axis (this axis is termed the celestial axis) passing
;through its geographic poles (the north N and the south 3); the diurnal rotation of}
rthre-earth-is—counterclockwise 1f 1t- 13 viewed from the northers end of the celestia ]
laxie{Fig.61), It would-be-possible-to utilize the fact of the diurnal rubatrionve!:z

|

i

r-¥-9 T
88 i
i
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_ the earth to devise a purely mechanical compass if we had a mechanical system as T
" seusitive to the rotation of the buse of this system as the magnetic needle is sen-?
l sitive to terrestrial magnetism. ‘
Foucault's experiment showed that a rapidly rotating gyro with two degrees of
_ freedom is such a mechanical system; we know that such a gyro placed on a rotating
base, reacts to the rotation of the base by having its axis tend to assume a posi-
tion parallel to the axis of rotation of the base (according to the well-known Fou-'
cault's rule). This gives a possibility of utilizing the gyro with two degrees of
freedom as & mechanical compass.
Let us imagine a gyro with

two degrees of freedom (Fig.62).

The axis of rotation of the rotor
AB is attached to the frame a,
which itself may rotate about the
vertical axis xx. In all msition.
of the instrument, the axis AB re-~
mains horizontal. The proper ro-
tation of the rotor is assumed to
be counterclockwise when viewed by
an obegerver fram the L end ~f the
axis aB (Fig.o2).

o Let us imagine the earth, and

Fig.ol
let us take some point M on its

surface (Fig.63). Draw the earth's radius OM through this point; the extension Mz
wilius Ol will give lhe direclion ol Liue wriical ab Lhe point i,

while the plane H, perpendicular to the vertical Mz, is the horizontal plune at the .

point M. Let us also draw the straight line ns, along which the horizontal plane H %
S e Y LA YAt A

tersects the plane of the meridian NK passing through the point M; this straight |
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line is termed the meridian at the point H.
Assume that ths gyro with two degrees of freedow, represented in Fig.62, is
' placed on the horizontal plane H in such a way that the axis of rotation of the
frame 4 is located along the vertical Mz (Fig.63). Bearing in mind the diurnal m-w
" tation of the earth about the axis of the earth yy, we see that we here have to do
" with a gyroscope located on a rotating base.

According to Foucault's rule, our gyroscope with two dejrees of freedom reacts

?
to the rotation of the earth about ita

axis, by attempting to assume a cor-
responding pareallelism with the axis :
of the earth. However, the gyro axis
AB cannot become parallel to the axis ,
of the earth, since it must remain par:-
allel to the horizontal plane H,

Under these conditions, the gyro axis

tends to approach as closely &s pos-

sible the direction of the earth's ax-

is and strives to establish 'itself in

the same direction in the horizontal

Fig.62 plane which i< closest to the direc-

-~ -tion of the earth's axis. In the horizontal plane, the direction closest to the

direction of the earth's axis is the direction of the meridian ns. For this reason,j

-la direction, to be denoted by N,S,, parallel to the meridian ns. In this case, t.ho%

) -\-’:in reacting to the diurnal rotation of the earth, the gyro axis AB is established in;

5(\-\A end of the axis Ab will point north and the b end soubli, so that bath -ctations,
0t

_thhe proper rotation of the gyroscope itself and the diurnal rotation of the earth, [
2t |
. ;*are directed in one and the same sense, counterclockwise if viewed from the north.

-

56 Thus, in reacting to the diurnal rotation of the earth, our gyro with two de=

I |
58] !
i

i

£0
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grees of freedom actually does acquire properties analogous to the properties of thé_‘
magnetic needle: the gyro axis is set along the meridian (of course the geogx'ai.;:lb.ic,:§
not the magnetic meridian!), one of its ends indicating north and the other south.
It follows from this that the gyro with two degrees of freedom, of the design we
" have Jjust described, actually may be utilized as a mechanical compass.
Cur readers must be wafned, however, that if any one should wish to verify the

above statements by direct experiment with the instrument shown in Fig.62, he would '

Fig.63
suffer a bitter disappointment. On putting the gyroscope rotor into rapid rotation
j And placing the instrument on the horizontal plane of a table, the instrument (in
‘:;contrast to what we have just said) is unable to react to the diurnal rotation of the
o The gyro axis is nol aligned witn the cirection of uke meridian bul redmins

”wfd.n the same position in which it is placed by the experimenter, The cause for the

failure of this experiment is very simple. It is due to the exiremsly 1l value

i
i
|

of the angular velocity of the diurnal rotation of the earth. For, you sce, the
|
;

91
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‘ earth performs
i icant value of the angular velocity of the raotation of the base of our instrument, j
the forces which would rotate the gyro anﬁ ally «Rie axls with the direction of the !
_imeridian also remain negligible. These i;usigrzificant forces canﬁot» overcome the

‘ ‘ resistance of friction at the axis of rotation of the frame A of the instrument.

i
i
i
i
|

- This is why the gyroscope remains immobile and, apparently, insensitive to the diur—:
.nal rotation of the earth.

It follows from this that the extreme slowness of the diurnal rotation of the
earth was one of the difficulties that stood in the way of creating the gyro COlnpA S8,
An instrument sensitive to so insignificant a factor as the angular velocity of the
diurnal rotation of the earth would have io be very perfect, and in particular, the

" friction on its axis of rotabion would have to be reduced to the lowest possible

. minimum. The level at which technology stood in the time of Foucault made the reali-
zation of his idea impossible at the time. The subsequent progress of technology haé
vremoved many of the difficulties that previously were insurmountable; however, there
vas still another and more serious difficulty which confronted the designer of the
mechanical compass,

When we speak of a mechanical compass, we primarily have in mind a seagoing com-
Ta

psss, i.e., a compass that must operate on shipboard. The floating ship, of course,

I NN

ie gurili, DuL in addition Lo this it also

teg in the 2iurmnl rotation
_-.performs various other rotary motions. In its maneuvers, the ship makes turns to one
side or the other; its rolling with the waves is likewise accompanied by the zener-
.J,\tion of various rotary motions of the ship's hull, In this case, the angular veloc%
st i
418_.‘

_-%H.ies of these rotary motions (turns, rolls,) are many times as great as the insignif—
iGalib value of the angular velocity of the diurnal rotation of the earth.

In order to operate properly, a mechanical compass on a ship must react to the

insignificant angular velocity of the diuml.__tj?j,ation of the earth, and at the

ime must be insensitive to the far more considerable angula
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. irotary motions of the ship. How can such!an inst.ruxﬁenb ‘be built? it first glancé
4 i i

.
B3

“1in which the problem was solved in modern . designs of the gyro compass.

_,:‘,Section 22, Rotation of the Plane of the Horizon About the Vertical and

o %,the problem seems insoluble. In the following Sections we will discuss the manner ?
{
|

"
|

Aibout the Meridian, ;

[

Let us first discuss one question which we menticned briefly in the preceding

‘pages, namely, that of the rotstion of the plane of the horizon about the vertical
and about the meridian. This phenomenon is
& direct conseguence of the diurnal rotation

of the earth.

Let us imagine the earth again, and let
us take the point M on the earth's surface
(Fig.64). it this point, we mark the verti-
cal MV and the horizontal plane H, on which ;
latter we mark the meridian us. As a result.‘

of the diurnal rotation of the earth; each

terrestrial meridian rotates through an an-

0
Fig.bh gle of aﬂ- = 15° every hour about the axis

- of Lhe earbi; cach point of Lhe earthi's surface is displaced wlong tue arc of a par-
o -allel of latitude. During the small time interval t , the meridian at the point M

__rotates through the small angle ¢ , the point M is displaced to the position Ml,

EE ;

’6——§uhile the vertical MV and the plane of the horizon H are displaced, together with the

i

point M, to the positions ulvl and H , respectively.
A

48
The displacement of the plane of the horizon Hl can be imagined as consisting of

two components: 1l.)the displacement of t.‘ﬁe plane H together with the point M, not

accompanied by its rotation, and 2)the rotéation of the plane H about the point M.

~|The first component of the displacement of the plane of the horizon 1s of no interes]
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_to us, since the gyro placed on the horizontal plane H in no way reacts to a dis- f
: : !
placement of the plane of the horizon, no;‘.. accompunied by a rotation; it is sensi- ;

tive only to the rotary motion of the basé.

- ment of the point M and to limit ourselves to considering the rotation of the plane

This gives us the right, in our subs equent discussion, to disregard the dlsplace%—
|

of the horizon about the point M. adccordingly, let us draw through the point Ma

P straight line yy parallel to the H axis, umi
'

,--"'l“‘*--.‘ ' plane ot the horizon H, the vertical M, and

i
let us consider that the rotation of the i

the. meridian ns takes place about the yy ax—
is (F1g.65).
Let us follow the rotation of the verti-
cal MV and the meridian ns during the time ‘
T+ During this time, the earth rotates

about the earth's axis through the angle ,
the vertical MV and the meridian ns also ro-
tate through the same angle about the axis yy.

From the point M in the direction of the

vertical MV and of the meridian ns, lay off

equal sesments MA = MB (Fig,£3)) and from the
points A and B drop the perpendiculars AC
and BD to the axis yy. In the time 7’ , the
segments MA and MB, rotating about the axis
Jyy through the angle @ 5 will occupy the positions KAy and MB;, while the trianglea
»ﬂmc and MBD will occupy the positions MA ¢ and } mln. et us denole Lie angle Bhsl
Y ?1 and the angle AHA by ?2.

'ﬂ:e displacement of the segments Mi and MB to the positions HA and HB1 (and at

he same time the displacement of the hori n§51 plane H from its first position to
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.angle ‘f’ . This same displacement can p#',oceed by. two.successive rotations about . ..
¢ i

]
"I the vertical and sbout the meridian. Let!us turn the plane AME about the line MA
oo . R : U -
" _ithrough the angle 4 X after this rotation it will occupy the position AMBL. Now

let us rotate it about the line MBl through
the angle ¢2, after which the two segment

MA and MB will, in their new positions, be

Mﬂl and l&IBl. In this way, the rotation of

the segment MA and MB about the yy axis
through the angle ¢ 1is equivalent to two
successive rotations about thewertical and
about the meridian through the angles P 1!
and 502, respectively. ;
These two rotations are termed component:

rotations. ;

We have now resolved the diurnal rota- !
tion about the axis of the earth into two
Fig.06 component rotations, one about the vertical

. --.and one about the meridian.

-- We note (this will be clear from Fig.56) that to the observer looking from the !

¥
)

o “northern end of the meridian, the rotation about it appears counterclockwise. 4s &

o ‘result of this rotation of the horizon about the meridian, the heavenly bodies appea:r

‘to zscend in bhe celestiul vault in vhe sastern half of the sky and to sink toward

-

the horizon in the western half,

It is also easy to see from Fig.66 that the rotation of the horizon about the

vertical will be counterclockwise (i.e.,, from right to left) for an obaserver lookirna“

from above, i.e., from that part of the vért_:@gg} which is turned toward the zenith,

For this. reason, the heavenly bodies a}ppear_ to us to be displaced clockwise a

¢
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’ .lsymbol i and the angular velocities of ?;he compenients of the rotation about the
. |
. foei‘biéal and about the meridian by Q 1 &nd QZ’ respectively, VTo”firrxr-i Vthe re‘-ﬂ_ﬁ
. ;lationship between the angular velocities; let us now turn again to Fig,66.
Draw the segments A4y and BB; and note that, in view of the smallness of the
‘“‘,;angle ¢ , these segments may be consider;ad equal to the arcs of the circumferences

"with centers C, M, and D and with r«dii CA, MA, MB,and DB. Since an urc is equal to

h .. the product of the radius and the corresponding central angle, we may write:

- MA. = . = . - « $=5. ¢
R Ady €A ¢ =M @2, BBl DB HB 1

:: ... whence

G = GA_

e 2 HAW

’i..0n dividing these equations by T , and noting that
6=

?

we obtain

- % The reservation must be made that what hus just been s«id about the direction of
the rotation of the horizon about the vertical relates only to the rorthern hem- i
isphere. In Fig.6l4 we have assumed the point M to 1lie in the northern hemisphere,
If we take the point M in the southern hemisphere and repeat all our constructias,

then it is easy to convince ourselves that in the southern hemisphere the rotation |

of the horizon about the vertical is clockwise f?f,. an observer looking from above

At the equator, there is no rotation of the horizqn about the vertical at all,

%

i
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It is clear from Fig.66 that the segm;ent.s CA and DB are less than ihé'segmenﬁ
__;,.xm = MB = a. Consequently, the quantitie§ —Sﬁ- and % are proper fractions. We
‘ conclude that the angular velocities L , and ﬂ.z are less than the angular veloc- |
ity of the diumal rotation of the earth.
Let us denote the latitude of the point M on the earth's surface by the sym-
(Fig.67). The angle formed by the direction of the earth's radius OM or by

. Fig.o7

£

- -the direction of the vertical MV with the earth's axis SN is equal to 90° - A .

---Let us reproduce the triangles MAC and MBD (cf. Fig.66) in Fig.68. Since the direc-

'tion of the segment M4 ccincldes with the direction of the vertical iV, it Ioilows
ve

_Jthat /MG = 90° = A and that, consequently, ZCA}; = A, The sides of the

mv«angle DMB are perpendicular to the sides aof the angle CAM; consequently, the angle

—BMD also equuls ) .

52—

54’“ Now, from the right triangles MiC and MBD, we have:

i

56 —~GA-=-MA-C08--X— DB-= MB sin )
58] ;

{

60

1
{
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.;whence

i

g CA = = sin A
¥ 5 cos A ‘b%g sin

By substituting these values of the quantities % and 3—: in the formulas for __!

and Q_, we find that
1 2

QI_:Qsin)\ ) 92= (G cos A

In this way, the angular velocities of rotation of the plane of the horizon about

the vertical and about the meridian are expressed in terms of the angular velocity

“of the diurnal rotation of the earth and in terms of the latitude of the place.

These formulas yield, for Leningrad: & 1= sin 60° = 0,866 0 and 0 2= !
; cos 60° = 0.5 Q , which corresponds to a rotation of the horizon about the vertical

and about the meridian through 312° and 180° respectively, every 24 hours,

Section 23. The Sperry Gyro Compass with Pendulum '

e already know that, theoretically speaking, a gyro with two deg’f‘eé‘; of freedonf
can be used as a mechanical indicator of the ;ii;ecti;on of the meridian, i.e., as a
mechanical compass. However, the task of designing such an instrument proved to be
:on solid ground cnly when the designers of the instrument abandoned the thought of
."w.-usmg a gyro with two degrees of freedom and used a gyro with three de;rees of free-
N i;avm insvead,
At first glance this seems surprising, since it is known that the astatic gyro
n,:wit.h three degrees of freedom is absolutely insensitive to the rotation of the bage, :
wti:-l‘ﬂow could it thus be possible to use such.a gyro in an instrument which,by its very
48-{purpose, must react to the diurnal rotation of the earth? of course, an astatic .
w-—ggym with three degrees of freedom is entirely free of any directional force tlum.ug
52 "*tho gyro axis toward the meridian., To produce such a force, a special davice would
54 —tbe-nessssary-to gusrastee-the-generation-of-the-directional- foree and-bhus—bo-con—|

—{FoR-the-grro-into4-gFre-coRPABE - o o o

98
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In the gyro compass of the famous american builder of gyroscopic instruments,

Sperry, who in 1911 built a marine instrument which proved to be entirely suitable
" for practical purposes, the idea of combining a gyro with an ordinary pendulum was
used. Let us consider the scheme of this instrument.

The basic element of the instrument is a gyro of the type discussed above, in a
Cardanic suspension, with a vertically located axis of rotation of the outer ring R
(Fig.69). The inner ring S is rigidly connected to the heavy arc Q, whose plane is

perpendicular to the plane of the imner ring.
The arc , at the same time, represents the ‘

pendulum which in this instrument is combined

with the gyro. This pendulum is able to

X swing (together with the inner ring S and the
A |

gyro rotor) about the axis of rotation xx of
i

<7 the inner ring., It is found that such a sim-
1

I/ 0. . ple instrument is able tc function as & gyTo
il
f

compass since the pendulum Q supplies its

directional force.

f

3,
|
i
|
i
:
|
H
i
i
|
F
i
H
H
i
!

How let us consider the behavior of the
Fig.69

instrument, assuming that the gyro rotor is
-..rotating about the axis 4B, e.g., ccunterclockwise for an obLserver viewing it from

—-'the & end of the axis AB (as shown by the curved arrow in Fig.69). Let us at first

.. 'disregard the diurnal rotation of the earth, i.e., let us assume that the instrument

_!is located on a fixed base.

48—

: —i 1f the axis AB of the rotor is directed horizontally, the pendulum Q will be
48]

—tvertical (Fig.69) and in it=s equilibrium position, with the entire instrument remain.

50,
rE‘I_ng constant in space. If the rotor axis AB is moved from the horizontal position
3

54 by raising its A4 end and by lowering its B end (1?15.70) , then the pendulum Q will

56 2180 be moved from its vertical equilibrium position. Under ‘the action of its own

99
R
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weight, it #ill tend to retura to the verticwl nosition, but to do this will disturb
dts connection with the gyro. at the points 4 and B, the system of the pendulum and

the inner ring will exert nressure on the rotor axis of the gyro by the forces Fl ‘
. and F?_’ tending to lower the x end and raise the B end of this axis (Fig.70). what |
i‘will be the result of the action of the forces E‘l and F7 on the motion of the gyro |
 axis? Remembering the rule of precession (Secticn 6) and also what has been said in
Section 10 on the precession of thei

gvro due to the apslication of con—

v

4
\
1
1

tinuously acting forces to its ax-
is, we conclude thal the gyro axis
#ill precess, rotating about the l
vertical axis of rotation zz of thei
outer ring. according to the rule ;
of precession, let us rotate the
directions of the forces Rl and R2
about the axis b through 90° in
the sense of rotation of themwtor;
Fig.70 this will make it possible to find
‘the direction of motion of the points A and B. de 4ill see that the precessional ro-
Vtation of the gyro axis about the axis of rotatior zz of the outer ring of the sus-
Npension will appear counterclockwise to an observer viewing the instrument from a-
L. -bove.

«a Thus, under the action of its own weight, the pendulum does not descend, out in-

—istead the whole instrument w#ill rotate counterclockwise ubout the vertical. On the
48

—iother hand, if we lower the 4 end of the rotor axis and raise the B end, then the
OVmd

—action of the force of gravity will cause the pendulum of the instrument to rotate

clockwise about the vertical.

Such is the behavior of the gyro with:a pendulum on a fixed base. Let us now

100
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.take into account the diurnal rotation of!the earth and lst us see how our instru-
1ment will react to the diurnal rotation 01;’ the earth.
Let us assume that, at & certain point of the earth's surface (in the northern
S !
,,}hcmiéphere), our instrument is placed in a horizontal plune and that the'gyro axis
VA\is brought into a horizontal position. wé assume further that the gyro axis AB
‘forms 4 certain angle O with the meridian ns, in such a way that the 4 end of the
axis AB is east of the meridian line while the B end is west of it (Fig.71; this
drawing shows neither the rings of
the gyro suspension nor the pendu- :
lum). :
So long as the gyro 4B remains ;
horizontal and, consequently, the (
pendulum is vertical, the instru-
ment has no tendency to vary its
Yesr = o m position in space. If the end A of
the gyro axis is pointed at some
star, it will stably maintain its
direction tcward that star. How-

ever, as 4 result of the diurnal ro-

‘ tavion of bhe e-rth, ihe star to-
. ward which the A end of the gyro axis is pointed (if it is on the horizon in the
w;ea.stem half of the celestizl vault) will gradually begin to rise above the horizcn.f
‘At the same time, the A end of the gyro axis will also gradually rise above the !
plane of the horizon, and the opposite b end of the gyrc axis will begin to sink be-;
|

low the plane of the horizon. In this way, as a rssult of the roiation of the earun

the gyro axis gradually leaves its horizontal position by raising the A end and low=-

ering the B end. At the same time, the pendulum also leaves its vertical position; ‘

~—we have just seen that under the action of its force of g:j{vity, the cntj:xle instru-

"
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: .‘ment in this case begins to rotate counterclockwise about the vertical (as‘ .-3‘hownﬁlv'5ym
‘ ithe curved arrcws in Fig.71), i.e., in the direction of decreasing angles or.in.
' "the direction of approach of the gyro axigs AB to the meridian ns., It is easy to

fshow, by & similar argument, that the reverse rotation of the gyro axis about theﬂw
" ivertical will take place as a result of the rotation of the earth in the case where
‘ ‘ the gyro axis 4B deviates with its 4 end to the west of the meridian and with its B :
‘ ',‘end to the east of it (Fig.72); in this case, the rotation of the earth commu.nicates‘v

- to the instrument a tendency to rotate about the vertical, attempting to bring the

W o ewe o

~--gyro axis AB closer to the meridian ns.
ihus, in all cases wnen tLne gyro axis ap devieies irom tne meridian, tne instru-
"'--men%, reacting to the diurnal rotation of the earth, will scquire a tendency to ro-

“i.-tate about the vertical and to nlace the axis AB along the meridian in such a way

5--that the A end of this axis points north and the opposite end points south (we recall

that we used the letter A to denote that end of the gyroscope axis from which the ro4-
tation of the rotor appeared counterclockwise, Fig.69).

Aa we see, the gyro with a pendulum of the above design actually can serve as

of the diurnal rotation
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;»gbf the earth, the axis of such a gro ac(i\.;lires properbie‘s" analoéothx‘swto' the‘p'rope‘rtyieﬂ

of .the magnetic needle (with ths ﬁi‘terem?e, however, that the magnetic needle gives

i
{

“ithe direction of the magnetic me idian, while the axis of our gyro is set along the

‘.:-jgeog-!‘aphic or true meridian)., The combinadtion of the above type ‘or pendulum withka

‘wjigyro having three degrees of freedom imparts to this gyro, under the influence of

—

. the earth's rotation, a directional force and transforms it into a gyro compass,

. The 4 end of the gyroscope axis AB, viewed from the point from which the proper ro-

tation of the rotor appears to be counterclockwise, may be termed the north end of

- the gyro compass axis, and the B end its south end. This is the principle of oper- '
- '
- ation of the Sperry gyro compass with pendulum.

L ection 24, Inclination of the Axis of a Gyro Compass in its Equilibrium Position. i

We have just seen that, on deviation of the axis of the gyro compass from the
7 meridian line, the influence of the earth's rotation generates a directional force
7 —:tending to return that axis to the direction of the meridian. Let us now consider
-;‘more closely the equilibrium position occupied by the gyro compass when its axis is
R ‘;in fact directed along the meridian.
‘— It is erroneous to believe that, once the axis of the &yro compuss is aligned

..~ horizontally with the direction of the meridian, it will remain invariantiy directed

."nalong the meridian. It must be taken into account that, as a result of the earth's
- mvrotation, the meridian itself will rotate, together with the plane of the horizon,
about the vertical (counterclockwise in the rorthern hemisphere, clockwise in the
southern) with an angular velocity which we have denoted in Section 22 by

1
Consequently, in order to have the gyro-compass axis remain invariantly directed

-.T7along the meridian; the entire instrument 'will have tc motobe cou

;the vertical (if we are in the northern hemisphere), with the same angular velocity :
3 On the other hand, we already lmow (cf. Section 23) that our gyro scquires

"|a_precessional rotation about the vertical, countercleckwise if the gyToscope axis

A
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‘ j“i;—i‘;i‘:@»;—d by ‘its north end above “the plaxie of the “horizon (and “clockwise if it is
: ! depressed_below that plane). It follows. .n-om this that, in_the northern hemisphere,
‘__{i the axis of the gyro compass will mvarig'ntly maintain the direction of the meridiar
E {f Tts north end is raised by a certain ahgle (which ve shall term B ") over the
| plane of the horizon. If the north end of the gyro-compass axis is reised above thd
B plane of the horizon by an angle greater .than B 0? then the axis of the gyro com-
pass will rotate counterclockwise about t‘.}\e ‘vertical, with an angular velocity great

‘ er than (j; consequently, its north end will gradually depart from the meridian,

: deviating from it to the west. On the ot.her hand, when the north end of the gyro
compass 1s elevated above the plane of th;e horizon by an angle less than B, then
; the gyro-compass axis will depart in its ;'otation about the vertical from the merid-
jan, and its north end will depart from the meridian and will deviate from it to thg

east,

Thus, the axis of the gyro compass keeps the direction of t,k:e meridian constant

in the case in which it is directed in the plane of the meridian, and if its north

- end is raised (in the northern hemisphere) above the plane of the horizon by the

{
i
i

jangle B o In the southern hemisphere, the north end of the gyro-compiss axis, in!

'

. its equilibrium position, is depressed by the corresponding angle below the plane oq

:the horizon. It is only on the equator that the axis of the gyro compass assumes a:

l

constant direction along the merilizn when ths ails ¢ Ly dislowienb ls o She lory

'!izom,al position.
' 4s for the magnitude of the angle of tilt of the axis of the gyro compass in itd

equilibrium position, i.e., the angle ﬂ this angle is very small. The value of

?J
the angle B, depends on the latitude of the place; we have seen that, on the equa-
:for the -..gla B o 45 squal bu zero. & 1nore detailed calcuiation whose details
2‘:1.«111 not be given here, shows that at the} latitude of Leningrad (i.e., at lat. A =

60°) the angle § , in the Sperry gyro cofng&_s_:;«}_s_weg_u_ii_}.}o a few minutes of arc

(about 8 minutes or 8_ degrees).
v
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..!8ection 25. Undamped Oscillations of the3Axis of the Sperry Gyro ComEs .

i

We have just seen that the gyro-compass axis remains aligned with the Iméridia;n

only in the case where it is given a corresponding inclination, by the angle )go,,,,.,
_‘;to the plane of the horizon. How will the axis of a gyro compass behave if it is

: f directed in the plane of the meridian but is not given the angle of :i.ncl:'.nm’.ion;,gogE

_corresponding to the latitude of the place? Let us further consider this question. ;

Let us assume that the axis of the gyro compass lies in the plane of the merid- :

ian, but without the necessary inclination (by the angle \Tgo) to the plane of the

Plane of the
meridian

Plane of the
orizon -

Pig.73
:horizon. Let us follow up the subsequent motion of the north end of the gyro-com—
;pass axis, viewing the instrument _from the north, i.e., turning our face to the soutljl.
“——A‘In this case, the east will be on our left side and the west on our right (Fig.73). .
B As already stated, the north end of the gyro-compass axis lies in the plane of
A ;the horizon to the north, In Fig.73, which shows the displacement of the north end |
i of the ovro-comrass axis as it appears to an observer viewing it from the north =ide;

H.e., turning his face to the south, the north end of the gyro-compass axis (denoted

“for brevity, by the letter A) is at first in the position Aou(.at the intersection of

the plane of the horizon and the p{La.r;e of the nge’ridian).» In this same Fig.73 3, the
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. equilibriun position ¥, of the north end of the gyro-compass axis &s also shown,name-
’ ly the plane in which it is raised above the plane of the horizon by the angle B8 0,3
- : At first, when the north end A of the gyro-compass axis is in the position Ay E
“the pendulum is vertical, and the gyro-compass axis has no tendency to vary itsrbros%;—
- tion in space. A4s a result of the rotation of the plane of the horizon about the |
vertical with the angular velocity p 1 however, this plane, together with the me-
) . ridian, will deviate from the north end of the gyro-compass axis toward the west ™, ‘
Instead of this it appears to us that the north end A of the gyro-compass axis devi-
ates from the meridian toward the east (Fig.73). However, we already know (cf. Sec-
tion 23, Fig.71) that, when the north end of the gyro-compass axis deviates from the
" meridian toward the east, it begins to rise above the plane of the herizon (more ex—:
actly, the plane of the horizon begins to sink beneath it as a result of the rota-
tion of the plane of the horizon about the meridian). On following the motion of thé
north end A of the gyro-compass exis, we see that the point A not only departs from
the meridian toward the east but, at the same time, rises above the plane of the
horizon (Fig.73).
#hen the gyro-compass axis ceases to point in a horizontal direction, the pendu-
. lum also deflects from its vertical position and begins to act on the gyro rotor.
‘ We already know that this causes a precessaional motion of the gyro-compass axis in
""".‘the direction of the plane of the meridian (from east to west) which, as the angle
<of inclination of the pendulum from the vertical increases, will gradually be accel-
‘:w:.erat,ed. As a result of thnis, the deviation of the axis of the gyro compass from the

fdame Af bhn mowmdaZoo
rlame ~f

tho zorldlon SrodUally Lewowss less DUl does not STOP at the moment when

_,Fhe angle of inclination of the gyro-compass axiz reaches the value Bo, correspond~
Er - :
_ —ing to the equilibrium position of the gyro compass. At this moment, the point A

504

50
| # We recall (Section 22) that the 'rotation of the horizon about ths verti cal ap-

4 e Nt

—| pears to be counterclockwise in the northern hemisphers.

-
o

56

5
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- reaches the position A (Fig.T3), decribing the arc Aghy.

i However, the A end of the gyro-compass axis is unable to. stop in the position LI;

;since its equilibrium pesition is the posi_.t.ion No in the plane of the meridian. Be—
ing to the east of the meridian, the poini 4 continues to rise abové tA.he‘ pL:x!;e oIV‘MM
the horizon; the precessional motion of the gyro-compass axis from east to west con—-é
jtinues to be accelerated, and the apparent deviation of the gyro-compass axis from
L ‘the plane of the meridian is now replaced by an apparent motion opposite to it in :
»‘the plane of the meridian. The point A continues its motion, rising above the plane
of the horizon and at the same time returning to the meridian; it describes the arc
" Aybp (Fig.73).
i In the position A,, the point 4 again is in the plane of the meridian, but this
d'cime the gyro-compass axis is raised above the plane of the norizon, not by the an-
gle B, but by a larger angle (more specifically, by the angle 2 Bo). As a re-
sult of this, the A end of the gyro-compass &xis, on passing through the position 4,,
) begins to deviate to the west of the plane of the meridian, end the north end 4 of
the gyro-compass axis gradually begins to descend toward the horizon (like a star in
vthe western part of the heavenly vault), «t the same time, the deviation of the
1gyj-o-c:cn:lpza.ss axis from the plane of the meridian gradually lessens and finally stops
! - at the instant when the angle of inclination of the gyro-compass axis again reaches
the value B o corresponding to the equilibrium position of the gyro compass. it
H;this instant, point A, describing the arc AZAj‘ reaches the position Aj (Fig.73).
““’;‘ ;bsequently, the northern end A of the gyro-compass axis, being to the west of

faold

”\":the meridian, continues to descend, and its visible deviation from the plane of the

. 8“!meridia.n is replaced by an apparent motion in reverse, toward the plane of the merid-

__,b_’:ian. The whole cycle of motions of the point A is accomplished at the instant when
this point, describing the arc A}“o: again must pass through its initial position A,

2— i

~lafter wiich the entdre cycle, with relative to the mtions of the point & is repeat

ed anew an indefinite number of times.
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i iie—krez.ch bhéﬁ éonclusion ti\at if' i'her ‘g_yro-com'p;ass aus is pldcedim t:l;é E\iane of
24 .
_ithe meridian but is not givenm the corresponding equilibrium positiocn.of. ineclination.

T i«@i

1 (by the angls B ) to the plane of the hprizon, the gyro-compass axis will not
o

;’ma:i:n?.ain:fts positlol:x .iri "cl;e plane "o{‘ th; méridian; it w‘ill beygin to fluctuate about]

its own equilibrium position K,, executing oscillations in botk horizontal and ver-

tical directions, the horizontal between the positions Ay and AB and the vertical

between the position Ao and 4,. The north end A of the gyro-compass axis describes

oval curve Ajh1ApA3A,, which is termeid an ellipse,

In this way, if the gyro-compass axis‘ is not in its equilibrium position N,, it |

i

18 4
_'is unavoidable that the influence of the biumal rotation of the earth will cause

this axis to execute elliptical fluctuati%ms about this position. In view of the
extreme smallness of the angle B o? the élliptical path AoAlAZAB"‘o of the end of
the gyro-compass axis appears very much e‘iongated in a horizontal position. For
this reason, the oscillations of the gyrotcompass axis in the fundamental direction
are, on the whole, directed in the horizo%ltal plane and are accompanied by only

{insignificant vertical fluctuations. These fluctuations are not damped in the

 course of time and, therefore, are termed undamped oscillations of the gyro-compase

{
|
P

axis.

The time of one complete oscillation, 'i.e., the time in which the north end 4 of

the axis of the gyro compass descrites its elliptical path AOAI“z“‘}AQ is called the
period of undamped oscillations of the gyx:‘o-compass axis., This time depends on the
dimensions and weights of the parts of the; gyro compass, on the angular velocity of
the proper rotation of the gyro-compass rétor, and also on the angular velocity of

—the dinrnal rotation of the earth and on '6jhe latitude of the place in question. The

[
considerations given below, force us to sd:lect. the design elements of the gyro com-!

pass in such & way that the period of its“undamped oscillations is equal to approxiw

mately 8 minutes (a Schuler perfod), |

1

B A S

A

The period of the undamped oscillations of ‘the gyro-compass axis with psndulum
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3

] (denoted by the letter T) is determined Uy the formula:

- |
—J rotation of the rotor, 01 the angular velocity of the diurnal rotation of the eartH

“and A the latitude of the place, 4s wigll be clear from this formula, the more

j. oscillations take place.

Sanitized Copy Approved for Release 2010/07/12 : CIA-RDP81-01043R000500180017-5
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pa Q cos A

| where J is the moment of inertia of the gyro-compass rotor, p the welght of the
pendulum, a the distance of its center of‘} gravity from the horizontal axis of rota=

j tion xx of the inner Cadanic ring (Fig.é‘))i, W the angular velocity of the proper

— !
_; rapidly the rotor of the gyro compass is rotating, the more slowly will its undampe
|

|
1
i
i
{

Section 26, Eccentric Coupling of the Pe’qulum with the Gyro Chamber.

We have just seen that continuous oschllations of the axis of the gyro compass
about its equilibrium position are an umivoidable accompaniment of the operation of
a Sperry-type gyro compass with a pendulu}in of the above-described design. Merely
by placing the axis of the gyro compass ih the equilibrium position, i.e., by direct

ing it in the plane of the meridian and giving it the necessary inclination to the
4 plane of the horizon (by the angle denotef;d by B ) the generation of such fluctu-
- ations can be avoided. The Sperry £yro cibmpasses contained a special device to im~
part to the gyro-compass axis the nexzessafy inclination to the plane of the horizon
(for so-called leveling of the axis). SuFH measures, nowever, are insufficient to
completely avoid the generation of undamp;gd oscillations of the gyro-compass axis,
waich substantially hamper its cperation.! To make the Sperry gyro compass useful
in practice ,its design, as mentioned in ection 23, had to include a slight modifi
cation to ensure the necessary extinctioxix of the generated oscillatisng of the

| gyro-compass axis. This moaification is {rery remarkable; 1t shows that in gyro-
scopic systems we may still attaln extinction of oscillations without introducing

_|aay resistances to motion into the system| (forces of friction, ste.), which alvaya
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S e

have a h;mnhxl ful H;ari:r-ect*.'on t.l'\eo}.)ex‘ac:lv.;nof{x the insiruméxit. v
... e .note first of all that the princip}gl scheme of the instrument describsd in—
|

1 section 23, remains unchanged if we do nolt couple the pendulum rigidly to the inner
b

gimba.i”ring in such a waythat tﬁé ring'pnd the pendulum éénstit.uto a single whole
(as was assumed in Section 23 =nd &s was aepicted in Fig, 69), but instead, assume
the pendulum to be suspended in the folloiwing manner:

In the Sperry gyro compass, the outer gimbal ring (1) (Fig.74) is surrounded by
Eanobher ring (2). This ring is also able to rotate (like ring (1)) about the vertio
; v cal axis (3-3) and is rotated by a
special motor (which is called the

"azimuth motor"), which automat-

ically holds the ring (2) in the
same plane as the outer gimbal. ring

in this way the ring (2),as it were

follows the displacements of the
outer gimbal ring (1) and for this

reason is termed the "follow-up"

ring. It is in order to follow
this ring (2) that the pendulum (4)
is suspended on the horizontal axid

Fig.T4 .

: (5-5).

The role of the inner gimbal ring in t;.he Sperry gyro compass is played by the
round chamber (6) in which the gyro rotorz (7) is placed and to which the axis of ro-

tation of the rotor (8) is attached. ‘l'heshor:lzcntal axis of rotation of the chamben

1
(9-9) is attached to the outer gimbal ring (1), The coupling of the gyroscopic sys-
- i i
tem to the pendulum is accomplished by medns of the pin (10) which couples the pen-
dulum (4) to the chamber (6).

If this pin (10) is placed at the lowgst roint of the chamber (6), the general




n
&

i layout of the instrument in question doed ot differ basically from the scheme dis-
- -_,:;Q\La 3ed_in Section 23,md asthere, it is okiwious that the inclination-of. -the-gyro-comy
4'1‘ pass axis from the plane of the horison, ;accompanied by the corresponding deviationg

of the lﬁéndﬁluﬂl fron the vert‘icain;é:‘iti;n, causes a pmce#sviox;;iVAréé;Eé;c;;’wt-..;é";n”:
‘x strument about the vertical; this precessional rotation is counterclockwise if the
. north end of the gyro-compass axis is raised above the plane of the horizon, and is

) __, clockwise if this end of the axis is depressed below that plane. The reason for

 this precessional rotation is the pressure of the pendulum, transmitted to the rotoxy

axis through the medium of the pin
(10) and of the gyro chamber (6).
It is easy to see that all furd
ther deductions made in Sections 24
and 25 remain in force without any
modification whatever. Of course,
we do assume (as in Section 23)
that the gyro rotor is rotating
counterclockwise if viewed from thg
north.
The behavior of our instrument
will change substantially £f we as-
sume that the gyro chamber is coupled with the pendulum by means cf the pin, not at
the lowest point of the chamber but somewlihat. displaced from this point to the east
W(1715.75). This was exactly what was done!in the Sperry gyro compass. This simple
and remarkable modification of the above-hentioned design of the gyro compass made

it possible to ensure demping of the oscillations of the gyro-compass axis, a modi-~ ;

fication commonly known as "eccentric couibling" of the compass and the gyro chamber,
2] '

If“ us describe the functioning of an!inserumen’c of this design. First, we dis-|

regsrd't.he effect of the diurnal rotation of _t.hg earth, Let us imagine that the
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[ e . . RS e e et are e
i north end of the gyro-compass axis ((8) ih Fig.76) is raised above the plane of the
e :
_thorizon (and that, consequently, the pendulum (i) is inclined by the.same a.ngle,fm:q
.

M_* the vertical plane toward the north, Fig.76). Then, the pressure S transmitted frog
&

t - —— - - - - L . N —
_! the pendulum (4) over the pin (10) to the gyro chamver (6)‘?, and over that chamber

9t

jto the rotor axis, will tend to rotate the rotor axis toward the horizontal position
10—

_‘and at the same time tend to turn the gyro chamber and the rotor axis about the

Plane of
the horirom

9 §
42—

45|
—]

48

schematically in the form of a flat or round disk),

Consequently, the forces Fl are transmitted through the chamber to the rotor ax-‘
33,

is. These forces lie in the vertical plané containing the axis (3-3) and the hori-

zontal forces F2 (P52.77). Ve recall the rule of precession (Section 6). By

% u i. Ah.; 4.\.-__:.4-....,.. ' ‘"‘ﬁ\‘iteiﬁﬁuﬁl te f.hig‘;?i*”‘“"‘.i:is“("‘
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rotating the forces F) and Fp about the -'Qt.or axis through 90 :Ln the scnse of tho

) —J rotation of the rotor {the sense of ratapion of the rotor is indicated. in Fig.77-by
I‘ the curved arrow), the action of the force Fl causes the gyro uxis to precess, ro-
* tating counterclockwise about the \rertic-;i axis (3-3); at the sa.;ze—tj;me,t;m ctji;
of the forces F2 causes the north end (i.e., the right~hand end in Fig.77) of the

gyro axis to descend toward

peears, oo in SRR B

the horizon, and the southern
end to rise.

Thus the variation in thei
inclination of the gyro axis
to the horizon is due to this
new effect which is introduced

by the "eccentric coupling" of

the pendulum with the gyro H
|
chamber in the operation of |

1
Fig.77 the instrument when the gyro

axis deviates from the plane of the horizon. This effect was absent when the pen-—

— dulu.m #as rigidly coupled with the inner ring of the gyro or with the gyro chamber
36.

~(Seculon 23) and it must also be absent when the pendulum is coupled with the gyro
e chamber by means of a pin fitted at its lowest point, i.e., with

n =0 (Fig.7s),
m~—: since in this case the forces 1"“2 are absent. We shall 'sce later how this effect

>

produced by the "eccentric coupling" of the pendulum with the gyro chamber, is uti-

lized to damp the oscillations of the gyro compass, l
! i
Section 27. Deviations of the Gyro & omEss Due to the Eccentric Coupling of the !

Pendulum with the Syro Chamber, or Fluctuations in Damping.

Before discussing the mechanism of the dampin_g‘gg_ oscillations in a gyro compass

due to the eccentric coupling of the psndulun with the gyro chamber, let us mention
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1 still another peculiarity introduced intoi‘ the operation of the insirunent by this
- |
| eccentric coupling. We already know bhat{, in the equilibrium position, the.axis of

}the gyro compass is located in the plane pf the meridian and receives a certain in-
S . i et e e e
_clination to the horizon; the north end ajf the gyro-compass axis is raised (in the

_i northern hemisphere) above the plane of the horizon by an angle which we have de-

l noted in Section 24 by Bo. The ir.clinétion of the gyro-compass axis by this an-

| gle ensures the precessional rotation of its axis about the vertical (counterclock-

wise) with an angular velocity & 1 of the rotation of the plane of the horizon

7 about the vertical.

4s a result of this, the gyro-compass axis follows the rotation of the meridian |
AV . ! i
_iabout the vertical (due to the diurnal rotation of the earth) and invariantly re-

!

R

mains in the plane of the meridian.

. This is the situation in the absence of "eccentricity" in the coupling between
" lthe pendulum and the gyro chamber i.e., at € =0 (Fig.74). Fhow does the existence !
Ty i
_of such eccentricity, i.e., the placing of the pin coupling the compass with the

gyro chamber at the angular distance toward the east, affect the equilibrium ;o-;
i 14
~;sition of the gyro-compass axis?
SR .
- We know that, in this case, the rise of the north end of the gyro-compass axis

36

P
b
i
1

—iproduces not only the precessional rotation of the axis of the instrument about the |
20

vertical, but also a gradual lowering of this axis toward the plane of the horizon. !
40__J ‘

.To ensure a« coustant position of the gyro-compass axis with respect to the surround—

_..;ing terrestrial objects in the equilibrium position of the instrument, it is neces-

—{sary in some way to eliminate this gradual descent of the north end of the uxis of
A0 '

‘Bﬁthe instrument in the equilibrium positioxi. How can this be done?

50— We know already that, in consequence 9f the diurnal rotation of the earth, everyI

m_‘e“terly deviation of the north end of the gyro~compass axis imparts to it a tend-

" ency to a gradual rise above the level of the horizon (we recall the star rising on

] the.eastam side of the sky as a result of the diwrnal rotation of Vbhe earth), Let

56

587

60
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‘ Lius tils the north end of the axis of our EYro compass from the bl:mer of the mbevr:'t'drian

o [ toward the east by some angle 8 o’ and let us select this angle in such a4 way that,
i ;
jthe resultant easterly deviation will make it possible fer the gradual rise in the
| i
|

_laxis of the instrument to compensate the ;Lowerin.; of the axis due ta the ;'recéeﬁ?:x:;ch
—:4{ coupling" between the pendulum and the gyro chamber. e conclude that, in the pres-
" .-ence of an eccentric coupling, the constant position of the axis of the instrument
Wl‘ with respect to the surrounding ground objects will be obtained in the case when thg
e north end of the instrument axis in this equilibrium position is raised above the

plane of the horizon by the angle B o #nd is simultaneously caused to deviate from -

’ " the plane of the meridian to the east by the angle £ o+ # more detailed investiga-
Ttion of the question allows us to determine the value of the angle g o+ 1t devel- ‘
B ops that this ungle depends on the size of the angle € (i.e., on the value of the

anzular e.sterly deviation of the pin in the "eccentric coupling) and on the lati~ |

tude of the place, In the Sperry ;yro compass, € 1is taken as 2°, at the latitude

- of Leningrad, the value for this gyro compass is o = 3,5°,

Thus, in the presence of an "ecceni,ic counling" of the pendulum with the gyro

chamber, the axis of the chamber will reach its equilibrium nosition not along the
+

--idirection of the meridian, but at a certain angle @ o to the direction of the me-

i

-.ridian. This angle ¢ ° is termed the deviation of the gyro compass due to "eccen- '

In this way, the introduction of M"eccentric coupling" in the yro compass causes
i

" !a substantial error in the instrument readings. Should we not conclude from this

’ ———-]that the idea of M"ecceniric coupling" is entirely unsuitable? by no means, It musbé
be remembered that here we are speaking of a gyro compass installed on a ship and
serving to determine the course of the ship, i.e., the angle formed between the di-
Z__x-ect.ion of motion of the ship and the direction of the meridian. The direction of

“motion of the ship, in calm weather and in quiet water, coincides with the direction

of the ship from stern to prow; this direction, the course line, is given by the |

115
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52+

-—

54

"weourse mark (1) of Fig.78, placed on tk‘.e round course ring (2) ‘which surrounds th

i “horizontal card (3), graduated in degree; and rigidly coupled with the followeup—-

" the axis of the gyro compass and, consequently, also the zero div1sion of tne card,

i ever, we know that the "eccentric couplirig" causes a certain deviation (easterly in

ring of the gyro compass. If there were no deviation due to "eccentric coupling®,

| .

would give the direction of the true meridian, while the reading takenr from the car

opposite of the course line would directly determine the course of the ship. How-

|
}
{
M

Fig,78 : Fig.79 :

northern latitudes) of the insirument a)us and, consequently, also cf the zero read-
ings connected with the follow-up ring of;the card, by the angle a e This mtro-'
duces an error into the course reading ofithe gyro compass. It is easy to show, !
however, that this error will be compenaa'ied by rotating the course ring with the

course mark toward the east through the sei.me angle @ (Fig.79). HNow the reading

taken on the card will again give the shi;‘l?'e true course,

|

.
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a1 In the Sperry gyro compass, a simple device was provided which permits without

H
¢ i
‘,any,_preliminary calculations a rotation of the course ring through the necessary. ..
. !

‘angle (the so-called "mechanical correcting device"), in this way compensating the
o i i e e ——
g !

s -

! pling".

. i . e o
error in the instrument readings due to the deviation caused by the "eccentric cou-

Demping of the Oscillations of the Gyro Compass axis, Die to accentric
i

Coupling of the Pendulum with the Gyro Chamber.

Below, we will discuss the process of damping the oscillations of the gyro-com—

i pass axis by using an "eccentric coupling" of a pendulum with & gyro chamber,

T —
Plane of e —————
the horizon o,

Plane of the
meridian

1

Fig.80

it and facing south (as in Section 25). We mark the position of the north end of
}

i |

Let us imagine that we are viewing the instrument while standing to the north of
i

|

|

{

i

!

the gyro-compass axis en the drawing (Fig;i&o), on which the plane of the meridian
—]and the plane of the horizon are shown; the east will be to our left and the west td
Z:our right. Let us mark, on this drawing, Ethe equilibrium position No of the north

“lend of the gyro-compass axis; in this position, it is raised above the level of the

—ihorizon by the angle « o 8nd deviates from the plane of the meridian to the

=g
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| the angle . ' |
Let us assume that the axis of the gyiro compass is brought out of its.aquilibe
. ,‘ rium position; we assune, e.8., that its :hort.h end is given an additional deviation
to the east (which corresponds to the i)o‘sfi«tion Ay in Fig.BO). T
; Let us now leave the instrument to itself. We already know (Section 25) that if
. there were no "eccentric coupling" of the pendulum with the &yro chamber of the in-
i strument then there would be undamped oécillations of the instrument, in w~hich the
" north end of the instrument axis wowld de:scribe the elliptical path shown in Fig.80
by the broken line. ‘
At the same time we also know (Sectir;n 26) that as a result of the "eceentric
. coupling" the north end of the gyro—comp?ass axis, being raised above the plane of
_' the horizon, is now given a tendencr to sink toward that plane, TFor this reason, i
the presence of "eccentric coupling", the north end of the £YTo- cotpass axis movin,
- toward the west will describe, instead of' the upper half of its elliptical path, the
'lower arc A1A2 in Fig.80, after which it ;will commence its return motion toward the
;east. Detuiled investigation (which we will not discuss here) shows that the suc-
B cessive sweeps of the gyro-compass axis will gradually diminish and that it will

— graduallv approach its equilibrium nosn:ion N o where it will finally stop. The
36__

— norbh end of the gyro-compass axis, lnstead of a closed elliptical path, will de-

) —-Jscribe 2 spiral curve which will gradually bring it from its initial position 4 I
;into its equilibrium position No'
; I
This constitutes the process of damp:u;lg the oscillations of the EYTO=~COmpPaSS aX:

~1is due to the "eccentric coupling" of the;pendulum with the gyro chamber.

— '
45j Section 29. Course Deviation of the Gyro, Compass.
i

v

- The gyro compass is designed for inat;llntion on seagoing ships, In the pre-

52+
|

5 4"' ceding sections we did not take into account the influence on the instruneni read-

"{ings exerted by the motions of the ship. i;'ma &yro compass is an instrument possess-

18,
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iﬁémeaiﬁi'aox;dinarf sensitivity; it is .aps,bla of respomh g to so slow a mtary no- |
tion of its base as the diurnal motion o.L the earth itself. This. is_precisely why
"} the diurnal rotation of the eurth imrnrts‘ to the instrument the &bility to remain i

i the plane of the meridian, It is oov‘oué that an mstrument pos es‘u}ng_su;nk senai—

tlvity must very markedly react to any notions of the ship on which it is installed
* :J The errors in the gyro-compass re.dings due to the motion of the ship on which it i

__ installed are termed its deviations. i

At first glance it may seem that there is one case of the motion of 2 ship which

: should not he accompanied by any devi-itio;".s of the gyro compass whatever; this is
the case of strlctly rectilinear and uni-
form motdon. Tis is true but it'is obvid
ous that there can be no strictly recti-
linear motions on the earth's surfase at
all. Indeed, this is a simple consequence
L)f the spherical shape of the earth. Let
;13 assume thzt a ship is sailing strictly
ulong the meridian in the direction from

bouth to north (Fig.8l). The motion of thd

ship at a given instant appears to be tak--I

Pig.81 ing place along the horizontal line ns

— (along the meridian), However, it is obvious that the true path of the ship moving

—~—along the surface of the ocean is not the; straight line ns but an arc of a circle
4 i

-~ heving ¢ radius equal vo vhe radius of the earth, whose center is located zt the
46_ i

I
]
center of the earth. : i

Thus, any motion on the earth's surfa‘pe which appears to take place along a
—jhorizontal straight line is sin fact ,a cufi'vilinear motion. For this reason, even

"|in the case when the ship appears to be mfi:ving along a straight line at constant

—]velocity, its motion is still accompanied: by the appearance of a certain deviation

ne
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| of the gyro compass; this deviation is dye to the curvature of the earth's surface.

' course, in view of the immense size oi the earth*, the curvature.of its surface-
_i is very small, Is it possible for such a negligible factor to exert a perceptible
"Kfihfixiencé'dnmihe readings of the gyro cnxi;;;ass? It has been found that it can. et
: us now consider this deviation of the gyl;o compass, due to the curvature of the
j eartn's surface, during the "rectilineur? znd uniform motion of a ship.
Let us assume ajain that the ship is.sailing on the surface of the ocean, main-
taining the direction of the meridian from south to north (Fig.82). During a cer-
tain time interval, the ship will be dis-
piaced from the position M, to the positicn
M2 Let us denote the line so obtained at
the point Ml by ns), and the corresponding
line at the point ¥y by nzsz.
that, on transition of the ship from the po-

It is obvious

sition ¥, to the position K,, the meridian

and together with it the plane of the horis
|

zon, ~ill hive rotated through the ungle
about an axis perpendicular to the rlane of
tne meridian (Fig,82). Thus, when tihe ship

is displaced along the meridian in a north-

Fig.82
erly direction, the direction of the plane of

the horizon is rotated about a horizontal line normal to the meridian; in this case

the northern part of the plane of the norizon will gradually sink while the southerd
part rises. ;
Let us assume now that a gyro compass: is installed on the ship und that its ax-!

is, at the instant the ship is at position Hl, is directed along the meridian nysy.

% The radius of the earth is 6370 km,
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| Since, during motion of the ship in a noftherly direction the northern part of the
L plane of the horizon will gradually sink, it follows that the north end of the axis,

1 of the gyro-compass rotor, striving to mﬁintain a constant direction of iis axis of

_. rotation, will seem to be rising gradually above the slane of the horizon. On the
| other hand, we already know (Section 23) that if the north end of the Y LU~COMPRSS

_}axis rises above the plane of the horizon then the action of the force of gravity

: of the pendulum will cause the whole instrument to start rotating counterclockwise
:‘; about the vertical, Consequently, if the gyro compass is installed on a ship sail-
;{ ing in a northerly direction then the influence of the motion of the ship will
“ cause the north end of the gyro-compass axis, which was originally directed along

| the meridian, to deviate gradually westwaﬁ from the meridian.

: However, when the north end of the gyro-compass axis deviates westward from the
5.
’ 1: plane of the meridian, it wiil also acquire a tendency to decline toward the horizon;
- _:’ this is a consequence of the rotation of the plane of the horizon about the meridian
U,‘: —iet us recall the stars which descend toward the horizon in the western part of
I

‘ the celestial vault. at a certain magnitude of the westerly deviation of the gyro-

i

— |
i {
- i

compess axis from the meridian, the mutually opposing tendencies of the instrument

1iaxis to rise and fall due,respectively,to the motion of the ship and the diurnal
|

_: rotation of the earth, are in equilibrium in this positicn, the instrument will re-'
g :
~1’main in equilibrium for a long time. This westerly deviation of the instrument :xié
40 1 H
—, from the meridian is termed its deviation due to the motion of the ship in a north-|
42_ i
b

I

—{erly direction,

How extensive is this deviation? At first glance, it may seem that the magni-
tude of this deviation, which expresses tl‘v':e influence on the instrument reading of
8o insignificant a factor as the curvat.uré of the earth's surface, should e very
Squ' This is not so. 4 more detailad,émimtion of the questio;! shows that the
magnitude of the deviation with which we are now concerned depends on the speed of

the ship and on the lstitude of the pl.aca; It is found that, at the. latitude of

|
2l

- A
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_T Leningrad (60°) and at a ship speed of .Lj km/hr, which a?r;;mxlm%ely cor;‘es;r{ds to
|

'"rww-a-wﬁx%

:ﬂgquee@ of 30 knots,the gyro compass has ja deviation of 3°%2' and, consequently, re+

! |
1 acts markedly to the curvature of the earth's surface; its sensitivity is almost

' e et s s s e e snna]

e iy
phenomenal,

Thus the motion of the ship in a northerly direction results in a westerly devid

; ation of the gyro compass. It is easy to show that with the ship sailing in the
opposite direction the deviation should also reverse its direction. Consequently,
» A: the motion of the ship in a southerly direction produces an easterly deviation of
_‘{ the gyro compass. ‘
! We have assumed, up to now, that the ship is moving in the direction of the
: meridian (northward or southward). Howev;r, in vwhat way does the motion of the ship
—: in a direction normal to the meridian (eastward or westward) affact the readings of

i the gyro compass? We have seen that the primary cause of the appearance of devi-

jations of the gyro compass, when the ship is moving in the direction of the meridian
caLd i

——is the rotation of the plane of the horizon about a line normal to the plane of the

_:,:meridian. Such rotation of the plane of the horizon dees not occur if the ship is

‘moving in a direction normal to the meridian. ie must conclude that in this case

14

—Jthe motion of the ship exerts no influenceé whatever on the readings of the gyro cow-
36_ ‘;
_ipass¥, !
38
Jo7h ‘
— ¥ This is not entirely accurate. is a result of the diurnal rotation of the earth,
42_ : i
— the ship is likewise transferred, together with the points of the earth's surface,
|

in a direction perpendicular to the plane of the meridian and toward the east. '
; i

Consequently, the motion of the ship along the surface of the ocean toward the ;

east or toward the west does exert the same influence on tha ayro compess as '.‘-'DlllLﬂ
i :

be the case if there were a certain increase or decrease in the angular velocity

of the diurnal rotation of the earth. 'Tis infl\:ence}_s insignificant and may be|

disregarded.
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Let us now assume that the ship is sailing in some direction, forming a cert,a;in |

I
‘ ‘angle with the direction of the meridién NS {Fig.83); this angle is termed the. "ﬁ
: i
|
i
i

A ‘course angle or, for short, the course of ‘the ship and is measured in degrees from

. ‘north to east. Lay off the speed of the ship v in the direction of its motion and

2
and the direction perpendicular to it. The component v, will have no influence on

-.resolve it into two components vland v_, namely the direction along the metridian NS,

the gyro-compass readings while the compo-f

nent vl produces the deviation discussed
above.
Thus, in the motion of the ship in any
&irection, the deviation of the gyro com- ‘
pass is caused only by the velocity compo-
nent vys the value of this deviation de-
pends on thewlue of the component v and
Fig.83 on the latitude of the place. However,
since the value of the velocity component 1 depends in turn on the value of the
velocity v and on the relative bearing or course angle Y then, in the general

case, the magnitude of the deviation of the instrument due to the motion of the ship

depends on the speed of the ship, on the latitude of the place, and on the course of

~the ship. For this reason this deviation is termed the course deviation of the

. .8yro comupass. In the case when the ship is ascending to more northerly latitudes

o .the course deviation is directed westward; when the ship is descending to a more

. isoutherly iatitude the course deviation is directed eastward,

We recall that the deviation of damping is always directed eastward (in the

;;northem hemisphere Section 27). Consequently, the course deviation is compounded
with deviation of damping during any motion of the ship toward & more southerly lat-;

; : i
itude and is subtracted from the deviation of damping when it is Anoving_&_miard north-

“lern latitudes. In Section 27, ve mentioned a siuple devics alloving a cospameation

123

—f—— e e
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'

! same manner, the error due to course deviat.ions which is added (with the plus or -

. of the error in the gyro-compass readinga due to the deviation of da.mping In the I{
]
|

minus sign) to the error due to the deviation of damping is also compensated.

- Section 30. The Ballistic Deviation of the Gyro Compass. ‘The Schuler Condition.

In the preceding Section we assumed that the motion of the ship on which the |
i
gyro compass was installed took place at constant speed and with a constant course. Z

Let us now consider how any variation in the speed or course of the ship will be re-j

flected in the readings of the gyro compass.

Let us imagine that we are in a moving streetcar. So long as the car is moving
ij'-'lth constant speed along a rectilinear section of the track, we might entirely i‘all
to notice the motion of the car if the windows are closed if it were not for the
periodic impacts on the rail Jjoints, to which our attention is involuntarily drawn, ’
) The situation is entirely different when the velocity changes sharply or on a ‘
curved track. At a sudden deceleration, all passengers standing in the car experi-

ence a violent shock which throws them toward the front platform of the car. 4

passenger experiences the same shock when the car rounds a curve if the car enters

- the curve at a considerable speed; here the direction of the shock is normal to the

direction of motion; if the car turns to the right, all passengers standing in the

“wear are thrown violently to the left, i.e., toward the side opposite the side on

- wluch the center of curvature of the track is located. Consequently, when the car

o

,,moves at variable speed or along a curvilinear section of the track, the passengers -

"»*are subjected to the action of a special force which is termed the force of menu'

. —-’if the car is moving along a curvilinear section of the track at constant speed, t-his

'Jforce of inertia is termed centrifugal force.
The same force of inertia is applied to all objects on the ship when it is mov-
ing at variable speed or along a curvili;:s&r path; in particular, the force of iner-* )

18 16 aloo apslied to the pendulum of the gyra compass. Mo mmtter how this force

l
!
!
|
!

R
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_of inertia J is directed (in all cases, it will be horizontal), it may' be resolved
. ;into two components Jl and J2 directed, r$apectiv¢1y, along a north-south line

(i.e., along the meridian NS) and along an east-west line (OW in Fig.8h4).

If the gyro-compa.és Varxis i; Eix;ected
northward, the pendulum can swing on-
1y in the planz of the meridian (Fig.

85). In that case the force J,, di-

rected perpendicularly to the plane
of the meridian, exerts no influence

whatever on the pendulum while the

force Jl’ transmitted to the gyro-com

pass axis, exerts a pressure F on it

] »—awkx.ich is greater the greater the force Jl; In Fig.85, it is assumed that the force

--Jp is directed southward; in that case, the pressure F applied to the north end of
- the gyro-compass axis will be direct-!

ed vertically downward. By applying

the rule of precession which we al-

ready know (Section 6) we conclude

that under the action of the pressure
i

F the instrument will precess, ro- |

tating counterclockwise about the ver-
tical. Consequently, under the ac-

tion of the force of inertiz J,, the |

|
J
i
|

north end of the gyro-compass axis
Fig.85
; will deviate from the meridian towarJ

ithe west. Ihis deviation of the gyro compass due to ths force of inertia of the

pendulum when the velocity or course of tl;{c ship varies, is termed the ballistic

deviation of the gyro compass,
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Let us assume that the ship proceeds at constant speed v along the straight line{
B 1
AB and keeps the course b’i; then, maintaining this same speed v and describing thq!

" are BC, it goes into the new course 33‘2 and continues to move along the straight f

line CD (Fig.86). How will this maneuver, executed by the ship, affect the readingq

“v, of the gyro compass?
) So long as the ship was moving along the straight line 4B, the gyro compass shovl}

ed a constant course deviation corresponding to the velocity v and the course (}"’ 41.;

On passing along the curve BC, the |
variable ballistic deviation due toj
the centrifugal force of the pendu~
lum is added to this constant devi-
ation. Can we consider that at

noint C the ship is entering a new

rectilinear section of the route

Vet pam ey

having a deviation of the gyro com-

pass equal to the course deviation

corresponding to the velocity v and
Fig.86 the new course i;”’z? In other words,

can it be considered that at point C the gyro compass will be in a new equilibrium

-position corresponding to the velocity v and the course J‘é? Of course not. For

- -this reason, on completion of the maneuver, oscillations of the gyro-compass axis

~must arise which are damped only gradually -under the influence of the "eccentric cou-

“~-p11ng" of the pendulum with the gyro chamber.

o We reach the conclusion that the variation in speed or course of the ship must
B0

Sojbe accompanied by the generation of oscillations of the gyro-compass axis, It is a

5 remarkatle fact, however, that it is possible to design an instrument in such a way
2

54"‘;3 to avoid the generation of such oscillations. For this, it is necessary to ob-

56 _[perve the following condition: The elements of the instrument must be selected in

58

60

1
# ~N —-

ved for Release 2010/07/12 : CIA-RDP81-01043R000500180017-5




Sanitized Copy Approved for Release 2010/07/12 : CIA-RDP81-01 043R00500180017-5

such a way that the period of its undamped oscillations (mentioned in Section'25r)'ia‘]b

~equal to the period of swing of a pendulum whose length is equal to the radius of

84,4 minutes; this must be the period of the undamped oscillations of the 'gyro cdni:

?

" the earth, The period of such a pendulum (i.e., the time of two sweeps) would be 5‘
f

i

i

»

pass to prevent the maneuver of the ship from causing oscillations of the instrument.

This condition, which is often called the Schuler condition from the name of the
scientist who discovered it, is alwaye taken into account in the design of a gyro |
compass, However, there are certain difficulties involved in its exact satisfaction),
in view of the fact that the period of the undamped oscillations of a gyro compass '
varies with the latitude of the place. At the same time, the reservation must be

" made that, even with an exact observation of the Schuler condition, a variation in
the speed of the ship or in its course will fail to result in oscillations of the
gyro-compass axis only where the gyro compass contains no device that might cause
damping of its oscillations, i.e., if there is not "eccentric" coupling of the pendu~
lum with the gyro chamber, For this reason, the maneuver of the ship will still
lead to oscillations of the gyro-compass axis, which will only be damped ;radually,
after completion of the maneuver and on passage of the ship to a motion at constant

--speed and constant course.

»'Section 31, The Sperry Gyro Compass with Mercury Reservoirs.

The Sperry pendulum gyro compass, considered in the preceding Sections, was de-
jsigned around the year 1910 and at that time was widely used on naval ships of
Ivarious countries. It was soon found, however, that this instrument had certain
1 aults; particularly, its readinge in a fresh wind proved unreliable. This is due
:)n-*to the fact that, if the ship rolls, its motion is not strictly rectilinear evem if °

- :j.t maintains & constant course. For this reason the rolling of the ship causes a ;

deviation of the gyro compass due to the forces of inertia of the pendulum and bav-

ing the character of a ballistic devistion. It must, however, be borne in mind that
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o . -

iths fbi‘ces of inertis due to rolling are. alternately dirécied in diametrically c;;“

d

_ith

‘l 1

;posite directions and therefore neutralize each other to a considerable extent... In
s

‘pass.

Gt .
4]‘ The desire to improve the navigational qualities of the myre compass forced the
0

4
,,“American Sperry firm, toward the end of the World War I, to modify the design of the

ispite of this, the rolling still has some -influence on the readinge of the gyro com~

~jinstrument substantially. The designers of the gyro compass abandoned the use of a

pendulum and replaced this pendulum

by two communicating vessels t‘illedA

with mercury. Thus originated a f

new type of zyro compass, the Sperr%

gyro compass with mercury reservoir?.

Let us imagine two comunicating:

Fig.87 vessels S and N, suspended on the ‘

i
-axis O in such a way that the entire system is free to roll in a vertical plane about

~the axis O (Fig.87). Ue assume further that the system of commmnicatin ing vessels is :

Wbalam:ed in such a way that its common center of gravity coincides with the point Q..

‘hn this case, the system of communicating vessels will be in a state of neutral eqlu—

36

ibrium. Let us now fill these reservoirs with a certain quantity of liquid (mercur'y)
3

ch that its center of gravity will coincide with the point 0. Ubviously even now !

T e entire system will be in a state of equilibrium, as long as the vessels 3 and N
re on the same level (Fig.87).

How let us change the system of comm\micating vessels from the position shown :ln\

ig.87, by raising the vessel N and correspcrdingly lowering the vessel S (Fig.88).

12,

ow a portion of the mercury will flow froh the vessel i into the veszel 2, and the i

icavier vessel S will thus acquire a tendency to lower still more, while the lighter

441

Ay
u-.—‘
21

54 ressel ¥ will tend o rise still mors. The deviation of the system of liquid-filled

s 6"‘1:'omicating vessels, from the equilibriui position, once i' takes place, will have
5¢ :

60




x

o

a f.endéhcy to continue in the same trend.{ The system ofcommunic;nting vessels £illd

:,_,e_g_,yi\‘.h liquid and suspended by this methzod, has properties similar to those of-an—

| "inverted® pendulum, i.e., a pendulum in éwhich the center of gravity is above the
!

I 'point of suspension (Fig.89). Sush an "inverted” pendulum, in the wrtical position,
] will be in unstable equilibrium; if ever ‘the smallest deviation from the vertical

" takes place, this trend will increase coniinuously. In such an unstable equilibriur

: are our communicating vessels filled with mercury. These may be termed & "liquid"

_“ pendulum. Thus, a "liquid" pendulum of this design resembles in its properties an
16 i

Fig.8s Fig.89

-
— "inverted" unstable pendulum (Fig.89).
361

It was by such a "liquid" pendulum that the ordinary pendulum was replaced in
28

, _}the new design of the Sperry gyro compass, Let us imagine that communicating ves-
i

.Jsels, filled with mercury, are attached to the gyro chamber in such a way that one
42

lvessel is located on the north side of the gyro chamber (the ™uorth" vessel N), and

—uhe other on the south side (the "south" vessel S) (see Fig.90). Let us also assume |
46 : : |
|
that the axis of the gyro compass is located horizontally along the meridian; in
that case the mercury vessels will be on the same level and, consequently, the en- |

o Jvire system will be balanced. We imow that the earth's diurnal rotation causes a

rotation of the plane of the horizon, togd"ther with the meridian, in a counterclock-

wise direciion about the vertical, auumixiLg that the gyro compass is located in the




ﬁorii}éi‘ﬁ hemisphére. For this reasoh, tft:e north end of ‘tﬂhehgyro-compasn“éxis, hav- |
1.dng.a tendency to maintain its constant d:iirect.ion in space under the influence of |
‘ the rapid rotation of the retor,

will deviate castward from the me-|
ridian (Fig.91). However, in that
case, the rotation of the plane of

the horizon about the meridian,

will cause the north end of the

gyro-compass axis and thus also thd

northern mercury vessel N, to rise
above the horizon (we recall the !
star rising in the east); (see Fig.92). The rise of the vessel N and the drop of the

vessel S cause mercury to flow from the nortH

ern vessel N to the southern vessel S, The

3

!

southern vessel $ begins to be heavier than !
i I
the other vessel uand this leads to a gener-!
i

/
~~

ation of the pressures F of the Zyro chamberi

i i
e)dert,ed on the ends of the rotor axis; the ;

!
]
|
I
]
i
\:
i

pressure F, directed upward, is applied to

the northern end of the rotor axis, and the

pressure F, directed downward, to the south-|
ern end. We now assume that the rotation of|
the rotor is clockwise if viewed from the
no;'th—as shown by the curved arrow in Fig.90‘
and Fig.92. &y applying the rule of nreces-'
Fig.91 si(!an, we see that the gyroscope begins to

| precess, rotating counterclockwise about the vertical, as shown by the arrows in

Pig.92, so that its axis hae a tendency t? be set in ihe plane of the meridian.

B S
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Aa is ‘cluéx?, the gyro compas.;; with me‘rcury vesselg i)&égesses the same propertied

...88.8 .gyro.compass with pendulum. We remark, however, that in speaking of_the gyro.

compass with pendulum as described in Section 23, this instrument was given a di-

| rectional force toward the meridia}l if ituie rotor was rotating counterclockwise rel-
ative to an observer viewing it from the horth, We now see that in a gyro compuss
! with mercury vessels, the rotation of the rotor must take place in the oppositu

—{ sense, i.e., clockwise viewed from the north. Of course, this is connected with

|
i
. —the fact that the mercury vessels, in their properties, are equivalent to an "invert-
30— i
—~ ed" ordinary pendulum,

1

e

" What then is the advantage of the gyro compass with mercury vessels over the
4 |

— gyro compass with pendulum? The advantagzg lies in the fact that a gyro compass with:
mercury vessels provides greater opportuné.ties for adjusting the instrument. “

The Sperry gyro compass provides an oiyporbunity for regulating,by special cocks,
the quantity of mercury flowing from one jvessel to the nther when the fnstrument is,
“_‘tilted. We have seen in Section 25 that fj.he period of undamped oscillations of the‘

“|compass depends on the latitude of the pufce. By regulating the quantity of mercury

flowing from one vessel to the other, accérding to the latitude of the place, it is

a3

S I
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7 p(;s;ible to make the period of undamped o}scillation of the inst‘x;ﬁ»eﬁ{:lﬁ;;t‘wﬁde- |

1

—.pendent, of the latitude of the place, thu:s making it possible to satisfy the Schulex

|
i
I
i

§

- condition with great accuracy. In addition, by reducing the diameter of the tuke

; tHi{;ugh which the mercury flows from one vessel into the other, aA certdm lag :'m_;x—e
. flow of mercury can be introduced which in turn improves the operation of the
L instrument during a roll. The obvious advantages of a jyro compass with mercury

| vessels have led to a rapid displacement of the pendulum gyro compass in world pracd

tice by this new type of Sperry instrument.
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CHAPTER IV

THE GYRO KORIZON AND GYRO VERTICAL

Section 32. The Gyro Pendulum

i

The direction of the vertical or the plumb line, at a given place, is determined

- very simply by means of the ordinary plumb line, that is, a string held at one end
with & weight at the other end. The direction of this string under equilibrium con-
‘.. dition gives the direction of the vertical at a given place., Peculiar difficulties

.. arise when the direction of the vertical must be determined on some moving object,

such as a shir or aircraft; these difficulties are due to the fact that an ordinary

-~ pendulum, one type of which is the plumb line, does not possess a sufficient degree

- of stability. The effort to increase this stability naturally leads to the thoughté
|

F¢__. of replacing the simple weight in the pendulum by a rapidly rotating rotor. In this:

il way, we arrive at the idea of a gyro pendulum, :
. Let us imagine a pendulum swinging in a vertical plane, alternately rotating

‘2. about the fixed horizontal axis Ak, now to one side and now to the other, and con- |
i
i

S sisting of the rod A with the ring B at its end, To this ring the ends of the axis

of rotation CC of the small top or rotor C are attached (Fig.93). Let us put the

I
I
|
!

top C in rapid rotation about the axis cc, and then, by a light tap, let us bring

our pendulum out of the vertical equilibrium position. It will then begin to swingl

about the axis aa, The question now ariu;ee how the rotation communicated to the top

]mmmwu—mm~mwimmwn"vmmrmm—srmmm

m—aba—bh?-——ﬂeet—bhc-maioa»-ot%httogp—*mparb to the-pendulum-the-ability-of—
|
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G

‘ reSisting a force attempting to move it from the vert,ical position?

We have seen, in Sections 7 and 9, that a rapld rotation gives stubility. to the.
1.
raxls of a gyroscope having three degrees of freedom but that & gyroscope with two

.

... degrees of frecdom docs not possess this property in the slightest degree. Since

‘ the gyro pendulum shown in Fig,93 has two degrees of freedom (corresponding to the
o two rctations possible in this system, about the axes aa and cc, respectively), we
v

must conclude that any rotation of the rotor

a of the pendulum of this device, no matter hoy

—~

fast, will not in the slightest degree in-

crease the stability of the vertical positioqi
of that pendulum. It is easy to verify by :
direct experiment that the rotation of the :
rotor C does not at all influence the swing-
ing of the pendulum. In order to detect t.hez

stabilizing influence of the rotation of the:

rotor on the swinging of the pendulum, it is

necessary to impart to the instrument the

third degree of freedom which it now lacks.
This can be done by attaching the rod 4
of the pendulum tc the inner ring of the

Fig.93 Cardanic suspension, both rings of which are.

wﬂj rotating about the mitually perpendicular and, in the normal position, horizontal

-~axes aa and bb (Fig.94). Now the instrument has three degrees of freedom correspond:—
ing to the three rotations about the axes aa, bb, and cc. The same result may be z
reached by resting the instrument on the borizontal stage L by means of the moint '
shown i: ¥ig.95; here toc, the pendulum may swing, deviating from the vertical in

more than a single plane, i.e., performing not only plane but also spatial oscilla-

tions.
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In a gyro compass with three degrees of freedom (Fig.9s or Fig.95} Vthe stabiliz4
k ing influence of the rotation of the ~otor on the swinging of the pendulum-is clear

ly detected. Let us consider the motion of such a gyro pendulum with three degrees
6o
o of freedom.

~J

Fig.94 Pig.95 Fig.96
iet us give the rotor of the pendulum a rapid motevion (for example, counter-

~‘vth_1‘.clocimise, viewed from above) and let us then cause it to deviate hy a certain angle-f

i
'13:; from the vertical (Fig.96). Here, the letter O denotes the point of intersec-

1
50--tion of the Cardanic axes, which remeine moticnlezs, in the syru pendwium Gesign of
53—

Fig.94, or the end of the base point in the design of Pig.95. If we now release ouri

!
54 —jgyro-penduium -tt-wiil ot by any means; begin to swing in the same v@ﬁ.‘i“cﬁl"p‘lﬁé"‘i

56_lhvhieh-it-occupied when-it-was-made to deviate from the verbical,- -~ o« oot
58

A35.

80
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Let us now proceed, as explained in Section 6 when we discussed the action on

i_the gvroscope of a force applied at a pof:l.nt, of its axls and directed along.a line-

|
'
+

_‘ not normal to the axis. At the center of gravity of the gyro compass (which we

¢ “[assume to lie on the axis of the rotor) iis applied the weight oi‘-t..‘l':eigy;;“;r‘xldulm
‘ P. let us resolve the force P into two components Pl and I’2, of which P2 is direct+
ad along the rotor axis of the gyrec pendulum and Pl is perpendicular to that axis.
_; The component P, is balanced by the resistance of the fixed point O, but the compo-
nent Pl causes a precessional motion of the gvro pendulum about the vertical passing
through the fixed point 0. [he sense of this precessional rotation is easily foundé
by the rule of precession, which we already know. {
By applying this rule (Fig.96) we see that, in this case, the zyro pendulum wili

. describe a cone rotating counterclockwise (when viewed from above) about the verti-

cal,
In Section 10, we described an experiment with a gyro made of a bicycle wheel
. (Fig.18). In essence, the model of the gyro then discussed was nothing but a gyro

- . pendulum and the precessional rotation of the instrument described in Section 10
_differs in no vway from the phenomenon of which we are now speaking. We remark mere-

. ly that, in Section 10, we assumed the gyro axis to be horizontal, i.e., normal to

= the vertical axis of precession while here we are considering the more general case
—of a gyro compass deviating by an arbitrary angle from the vertical. i

— In Section 10, in speaking of the experiment with the bicycle wheel, we remarked

“ithat the higher the angular velocity of the proper rotation of the wheel, the lower :
w11l Le the angular velocity of the precessional moticn., This remark still remains '

valid in the more general case now under éliscussion. The more rapidly the rotor of ,

2 gyro pendulum rotates about its axis, tk;;e more slowly does the precessional motign:

5 Q:jof the gyro pendulum about the vertical take place.

-1 Let us assume again that the gyro pennium is in its vertical equilibrium posi-

tion and that its rotor is placed in rapid rotation (Fig,97). Let us now strike
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i the gyro compass by hand at its lowest pdint 4, in & direction }:erpendicular to the

! plane of the paper. How will the pandulv;m react to this impact?
.

The effect of the shock will be expre;ssed in the application, during the ex-

;
N i ot L 1 i A 8 e
A tremely short time of the impact YV to the point 4 of the gyro-pendulum, of the im-
! :

4

pact force 5 in the direction of the shock, i.e., in a direction normal to the plang
) : of the paper (Fig.97). Since the force S is applied at a point of the gyro rotor
axis, and since it is directed normal to thi
a);is, the result of the action of the force
S ‘is Tound by the rule of precession (Fig.97)
By applying this rule (as before, we assume

i

the rotation of the gyre rotor to be counterd

. |
clockwise if viewed from above), we note that

i

as a result of the shock, the gzyro pendulum
deviates from the vertical in a plane normztli

i
to the direction of the sheck (more specifi-é
cuily, to the right) by a certain angle B

which is found from eq.{3) of Section 6:

S R e
Fig.97 (where a = OA is the distance between the
. ”_:point of application of the force 3 and the fixed point 0; J is the moment of iner- '
i w is the angular Qelocity of its proper rotation), J
In deviating, during the time 1 s by this angle a , the gyro pendulum vegins
-

to precess about the vertical under the aetion of the force of gravity,describing aj

cone about the vertical, as explained aboye.

It is clear from eq.(3) that the angle « by which the gyro pendulum deviates

from the vertical under the action of the shock will be smaller, the higher the an-

gular velocity W of the proper rotation of its rotor. It is in the smallness of |
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.the rapid rotation of its rotor, is exmdased.

4
R |
N
1

4

ion 33. The Fleuriais Marine Hoirizon
|

hhi; angle of deviation ol that the stabiﬁ.it,y, communicét.ed 'to the gyro pendulum by

|

|

‘ We have an example of the practical employment cf the gyro pendulum in the

l Fleuriais marine gyro horizon.

In Section 1 it was mentioned that the first attempt to utilize the properties

of a rapidly rotating top in practice was mads by Serson as early as the Eighteenth

Centurytut it ended with the failure of the attempt to fssigi: a gyroscopic ":rtifi-

cial horizon" which would have replaced, in foggy weather, the visible horizon re-

- — quired by the navigator for astronomic observations,

48

504

52

54

| Before beginning the observation, the rotbr is spun by compressed air from a hand

| pump. The jet compressed air enters the instrument _through a hoilow shaft and

The original idea of Serssn

|
was put into practice caly ati

the end of the Ninetesnih Cen—;'
tury in the instrument of t,hej1
Frgnch inventor Fleuriais,

The Fleuriais marine gyro
horizon is an additional at-
tachment to the ordinary sex—§
tant, which measures the alti-;
tude of a heavenly body above%
the horizon. In the sextant, !

the star S and the horizon

—
— instrument an artifieial 2¥ro horizon is placed in front of the mirror B. It con- |

| sists of the rotor C, which rests on a point somewhat above the center of gravity.

“impinges on depressions in the lateral aurfgce of the ygtﬂr; ] firl_ujiﬁg‘gt}g t.ima of
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- 6bsé;'\}a£ion, the rotor is spinning at an ;angular veloéity of 50révol;.lt:ions per
: second. Since the center of gravity of téhe rotor is lower than tha_end. of-its sup~
porting point, we have here 2 gyro pendu];um and, what is more, one with three de-
| grees of freedom. ‘ ' o
On the upper surface of the roter, eéch end of one diameter has a plane-convex
; i lens; on the flat surface of each lens ig drawn, at the height of the optical axis,

‘_s a fine line perpendicular to the rotor axis. The distance between the lenses is

) equal to their focal length; for this redson, the line drawn on sach of the lenses

is clearly visible in the tube A, at 2ach revolution of the rotor.

If the axis of the rotor is strictly vertical then during each revolution one]

i
i
i
1

_ observer looking into the tube A. All successive images of the lines are merged 1;1‘%

- line or the other appears to be strictly horizontal and at the same level to the

__ the observer's eye into a single horizontal line, which is able to replace the line

" of the natural horizon invisible in foggy weather.

However, if the rotor axis deviates f}om the vertical by even an insignificant
7_ang1e, 2 relatively slow precessional rotation of the rotor about the vertical be- [
gins immediately, in the course of which the rotor axis will describe the surface o.ﬁ

! i

a cone about the vertical. To the observer, looking into the tube A, the line vis-%
ible in the tube, replacing the line of the natural horizon, appears to be continu-i
)‘ﬁously changing its position. In Fleuriais instrument, the period of precession (i. !

. .e., the time of a single rotation of the rotor axis about the vertical) is equal to !
19 1

_;approximat.ely two minutes. During these two minutes, the line visible in the tube
a4l

3aopears to be horizontal twice, 2t its highest and lowest positions; in all inter-

i
i
A6 !

mediats positions it appears to be inclined, now to one side and now to the other. |

i |
This mobility of the artificial horizon dges not interfere with the observations; :
the technique of astronomic observation develcpedwiththeFleuriais instrument takes

into account the charecteristic oscillations of the artificial gyre Porizon.
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Ser:-gion& The Pendulum Aircraft Courseﬁ Corrector

N I — . e : PR R e
4. If the center of gravity of a gyro pendulum coinecides with its fixed point, thig
A

. instrument is converted into an astatic gyro and becomes unable to align its axis

{with the vertical, In the Sperry gyro horizen, which will be discussed in the fol-

m:l lowing Section, a very interesting method of aligning the axis of the astatic gyro

~

I:._,‘ with the vertical is used. In the present Section the method of Sperry, which may
14 : be termed that of the "air pendulum corre;:tion", will be discussed.

The rotor of the astatic gyro 4 is suspended in a Cardanic suspension, whose ;
inner ring is designed as the gyro chamber B'
(Fig.99); the outer ring is not shown in the

diagram; the point of intersection of the

gravity C of the entire system (the axes of |

rotation of the chamber and of the outer ring

are horizontal)., The gyro chamber B has a ;
i

rounded cross section in its upper part and

a square cross section in its lower part.

The four walls of the lower part of its cham-f

ber are provided with similar and symmetri-
cally arranged windows a, which are partly
covered by tie pendulum shutters b. ;

Fig.99
In the gyro chamber B an elevated air

pressure is maintained (in the following Section we will explain how this is accom-i
plished in the Sperry instrument), If the gro axis is vertical, as assumed in P:Lg.i
'59, all four windows a will be half covered and permit ejection of the same ,:i3 of .
|compressed air from the chamber. Each je% exerts a reactive pressure in the -:wo-

| sttetirecttonon-the chamber; ~Since all these pressurcs-are-equal-and-are-directed
tin-pairn-at-opposite-dides; -they are- in—m::tul-' balance,- 80 chet—‘tht-wmds—mh{




1 in 2 vertical posibion.

’ j{L .. Let us now xssume that the gyro axis deviates from the vertical by a certain ...
‘_m- angle in a plane varallel to two opposit; faces of the lower part of the gyro cham-
,:vj'bevr '('E'Vig;lo'()). Cne of the two oppdéits Andowa a in these facessm;}i“ﬁ'g};e;_g;&;;-—"
{Sw:; pletely open and the other (not shown in Fig.100) will be closed. .The reactive preg-

. sure caused by the air jet entering through the open orifice in the front face will

R

‘» 20- longer be balanced by the opposite reuc-
_ tive pressure, since the orifice in the back
face is closed; as a result, a reactive pres-
sure directed perpendicularly to the plane of
thé paper, in the direction away from the
reader*, will act on the lower part of the
chamber, This reactive pressure, transmitted
to the gyro axis, will produce the force F

applied at the upper end at this axis and did

rected normal to the plane of the paper in
the direction toward the reader (Fig.100).

Let us now assume that the rotor of the

gyroscope rotates counterclockwise, if viewed

! * At a very small angle of deviation of the gyro axis from the vertical, both thesd

i —
i —
l 464

48AJ orifices will remain open, but one orifice will be open more than half and the
! :? other less than half, The reactive pressures corresponding to the opposing air
: oy

A
: 5: Jets will not be balanced; as a result, even in this case, there is a resultant
5 4"" reactive pressure on the chambver, dzrecte—dlwm}l to the plane of the paper and
5 6“ away from the reader. o - -
S . o T

g
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i

’ l ation of the gyro axis from the vertical will be eliminated.

‘ K plane parallel to two opposite faces of the lower part of the chamber. However,

approach the vertical until it coincides with it. In this way, t.}liévrdrié-ihéfAdevvi: i

ot vie have assumed that the gyro axis originally deviated from the vertical in a

ceviations, what has been said now still remains true even in the generacl case of
any deviation of the gyro axis from the vertd
cal. Thus, the pendulum air correctior in
all cases brings the axis of the astatic gyrg
into a vertical position.

In our discussion we have asaumed that

the astatic gyro with "pendulum air correc-

Fig.101 tion becomes more complicated if such a gyro |
‘s zst up on a moving base, e.g., in the cabin of an aircraft in flight.
“.0 the aircraft is flying with a certain acceleration, then all objects on that |

aircraft are subjected, in addition to the force of gravity, toa corresponding

forc. 7 .ertia, having a direction opposite to that of the acceleration of the

--alscvaft. In this case, the ordinary pendulum suspended in the aircraft cabin, in
-its =2quilibrium position, is located not aleng the true vertical but along what is

called the "apparent" vertical, i.e., in the direction of the resultant of the force

--.of gravity and the force of inertia. Consequently, the pendulum shutters, in their :
1.4 ! H

]
—pa%. ted in the case when all the windows are half covered by the shutters b, This

——equilibrium positions, are 2lso located along the "apparent" vertical rather than

along the true vertical.

The reactive pressures of the air jets issuing from the windows a are mut'!ally:

wi.." take place when all the shutters b are parallel to the axis of the instrument,

—1i.e., to the axis of the gyro. It follows from this that, in the equilibriua
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I ‘position of the instrument, the gyro axid is likewise located not along he true

yertical but along the "apparent! verticgl; in this way, when the aircraft moves..

4 ~

-

with an acceleration, the shutters of the pendulum correction, which themselves

[ . .- ; B —
_ deviate from the true vertical, will entrain the gyro axis; this will force the gyrg

j axis to precess slowly in the direction mnot of the true vertical but of the "appary

j ent™ vertical.

i

A

i

%
i If we take into consideration the faot that, during the flight of an aircraft, ‘
i

’ ,— its acceleration and consequently, also the corresponding forces of inertia, are
16— H
__ continuously varying in both magnitude and direction, we are able to say that in the
e

" aircraft cabin, a gyro with a pendulum air correction will be, as it were, & means

‘ _ of averaging the equilibrium nositions of the ordinary pendulum and a damper on

. their oscillations.

: Section 35. ‘The Sperry aircraft Gyro Hordzon

We mentioned in the preceding 3ection that the method of the pendulum air cor— i
rection was used by Sperry in his design of the aircraft gyro horizon. This is one

" of the blind flying instruments. It makes it possible for the pllot, when the natu-

;ral horizon is invisible, to detect any deviation from horizontal flight (diving or
climbing of the aircraft) as well s any banking.
in astatic syro with a2 pendulum air correction is placec inm the hermetically

i sealed case of the instrument A which is attached to the instrument board of the

|

_.ajircraft in front of the pilot (Fig.102); the direction of flight is indicated on
+ 4,

A—( the djzgram by the arrow. The inner ring of the Cardanic suspension is designed as;
46_1 '
R H
18_4 the gyro chamber B, and the outer ring has the form of the rectangular frame C. The

S\ﬁ frame ¢ is coupled to the joint D, aboub wiich Lhie beul lever Lar cin rotate. “ne
0
part EF of this bent lever is visible to the pilot through the glass G in the form

52|

54 of a white bar; this bar plays the role of the horizon line in the instrument. Be-|

—yond this bar, the pdlot also sees, through the glass G, the cylindrical surface H i
U e B s T M I e ——

!
|
i
!
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,,',Enwhi‘éh is painted in two colors; the ligh'ﬂ'.E blue color of the upner_part_of this blknack'
2
|_ground merges into the dark-gray of the lower part, corresponding to the color of.

-
_! the sky and the earth, respectively.,
i
|

"In the normal position of the instrument, both Cardanic axes are hdfizéntal_:

Direction of
weridien

l Side' view
Fig.102
the axis of rotation xx of the outer i‘rame C, along the longitudinai axis of the

aircraft and the axis of rotation ¥y of bhe gyro chamber, transverse to the aircret

| Te-bent—tever DEFts—couplted with-the xyro chamber by ‘means -of-the—pin-J; whic

1adtached-to-the-gyro-chamber-and -passes- through an arc-shaped slot -in-the-part -DG-

1043R000500180017-5



"'the outer frame and through a rectilinear slot in the part DE of the bent lever.
1 In its normal position, the bent lever DEF is horizontal.

i
4

]
Tn the case of the instrument A, a vacuum is produced by the continuous aspira-

V et tion of air by msans of a Venturl tubé thlrough the orifice K. Ox; the ot,rherr hand,

|

o
j the inner cavity of the gyro chamber is donnected with the atmosphere by means of a
1o

: channel in the outer frame G, in the bearing L of the x-axis of the outer frame C

_L,] and in the bearing M of the y-axis of the chamber B. In this way, the aspiration of
" air from the inner shell A produces a continuous air stream: the outer air, entering
the gyro chamber B through the above-mentioned channel, is ejected into the cavity

" of the inner shell A through the window of the lower part of the chamber and is
20

.- then again aspirated by a Venturi tube. The air jet entering the gyro chamber B

o

—. rotation; then, in leaving through the window of the lower part of the gy

- it ensures proper functioning of the pendulum air correction. As a result of this,

.. during the time of flight, the gyro axis maintains its vertical alignment at any

position of the instrument.

Since, during the operation of the instrument, the gyro axis preserves its vert.i:-
. i

- cal position, the axis yy of the gyro chamber B, which is perpendicular to it, Lliked

M

. wise stably remains in the horizontal direction. The part EF of the bent lever DEF
28

, A—ﬁis parallel to the axis yy. Consequently this part of the btent lever is also visi-
“, .
m#i ble to the pilot through the glass, playing the role of a thorizon bar! in the in-

) ‘,_;: strument and, in its function, actually maintaining the horizontal position. !

- If the airplane is in rectilinear horizontal flight and is not banking, then the

instrument case, attached to the instrument panel of the aircraft, occupies the

position shown ir Fig,102. The bent lever DEF likewise occupies the position in
Fig.102, The"horizon line" EP is visible to the pilot in the center of the glass Gj
.

likewise at the level of its center, shows a miniatu qilh}a}xgtte of the aircraft

(flying in the dirsction away from the observer). Consquenvt;_ky,‘kVc_h_rxgng_gggggntal

145
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unbanked flight, the silhouette of the airplane on the glass of the instrument is |
represented as projected on the "horizon ;line" EF (Fig.103).

Let us now imagine that the airplane is descending along an inclined straight

/ The instrument case A, rigidly attached to the

instrutient board of the aircraft, now occupies thJ
\
1
inclined position shown in Fig.104; the gyro chamd
ber A maintains its former position, since the

gyro axis, as we know, remains vertical; the bent

Fig.103 lever with the "horizon line" EF then cccupies thsj
; 1
position shown in Fig.104. It is clear that the "horizon line", remaining horizon-:

tal, is now shifted toward the top of the glass G. Consequently, the miniature

Fig. 104, ;

‘silhouetbe-of-the-aireraft-imaged on the glaes G u‘ill—rnowrappoapw-&hwpé.lot»ab«—-«'i
:projected-against-thecolored -background below the ™horizon linet EF (Fig,105). - -

i

146,
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DIt is easy to understand that, during fliight along anviﬁéi‘ine.d ;trlﬁght line ﬁpward

! (eclimbing), the "horizon line!" will shifql toward the bottom of the glass G,.and.the
L i
i gilhouette of the aircraft will be projected cn the colored background above the

_| tions of the instrument, whether the flight is horizontal or not.

1
i
In exactly the same way, any banking by the aircraft can be determined from the

‘,_. instrument. If the aircraft is flying with a bank, then the miniature silhouette

Fig.105 Fig.106

_of the aircraft imaged on the glass of the instrument will likewise go into such a

.- bank, while the “norizon line", as we know, will always remain horizontal. If the

- silhouette of the aircraft on the instrument appears to the pilot to be located be—"L
,: low the "horizon line" and in addition, to have a right bank (Fig.106), then in real-
1» ity the airplane is descending with a right bank. ‘
- The remarks made at the end of Section 34 as to the errors introduced in the :
'operation of the air pendulum correction by the accelerations in the motions of the ;
instrument base, must of course also ba ai)plied to the Sperry gyro horizon. The
— accelsrations in the motions of the aircraft result in corresponding errors in the

instrument readings. When an aircraft is; flying with & certain acceleration, the
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o

itrue vertical remains small, it follows b?iat the deviation of the "horizon line" |
2 !

in the ingtrument from the horizontal is ilikewise small.
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